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Preface

Electrostatic discharge (ESD) phenomena have been known to mankind since Thales of
Miletus in approximately 600 B.C.E. noticed the attraction of strands of hay to amber.
Two thousand six hundred years have passed and the quest to obtain a better under-
standing of electrostatics and ESD phenomenon continues. Today, the manufacturing
of microelectronics has continued the interest in the field of electrostatic phenomenon
spanning factory issues, tooling, materials, and the microelectronic industry.

Not only is the quest for the scientific understanding of ESD, there is a struggle in the
way that the subject is taught and presented. At this time, there is only one university
course in the world that teaches a semester course in the discipline of ESD phenomena
in semiconductor components. Today, there is a dilemma of how to teach and educate
engineers for ESD protection in components at university level to establish a ESD
discipline. To date, ESD is taught in individual lectures, short courses, and tutorials.
There are books on the subject, but they are not structured for formal undergraduate or
graduate courses suited for physicists, mathematicians, materials science majors, or
electrical engineers from a generalist perspective which would engage wide interest
across the materials and semiconductor community.

The nature of ESD phenomena makes it a difficult subject to teach unless it is taught
from a cross-disciplinary perspective or as a series of disciplines which are woven
together carefully to build understanding from first principles. This same dilemma
occurred in the early 1960s in the teaching of integrated semiconductor electronics.
The Semiconductor Electronic Education Committee (SEEC) was formed to address
how to teach an engineer integrated electronics in a world that separated the teaching of
solid state physics, devices, and circuits. It was stated in the Foreword of the SEEC
series: ‘the development of micro-miniaturization of electronic circuits has blurred the
dividing line between the ‘‘device’’ and the ‘‘circuit’’ and thus has made it increasingly
important for us to understand deeply the relationship between internal physics and
structure of a device, and its potentialities for circuit performance.’ It was at this
juncture, that the initiative to establish a series of semiconductor books which inte-
grated understanding from the fundamentals of semiconductor physics to circuits in a
coherent fashion, where each book built on the previous book with a bottom-up
approach. In the ESD discipline, this same dilemma holds true. Yet it is an even more
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difficult problem because one has the device, the circuit, the package, the system – and
electrical, thermal and mechanical issues all at the same time. Additionally, the time
scale response changes with the scale of interaction and the electrostatic phenomenon
itself.

In the semiconductor industry, the perception of ESD phenomena was regarded as a
‘black box’ which appeared to have no basis of understanding or educational discipline
behind the technical achievements. ESD engineers were viewed as semiconductor alche-
mists, providing solutions without the fundamental understanding or the ability to
explain the achievements. The majority of the accomplishments were achieved by brute
force or nonsystematic experimental procedures to achieve the results. ESD engineers
ran on their educational background, on-the-job ESD learning and established intuition
without the assistance of the proper tools to achieve their results.

In my own personal experience, engineers and management had no confidence in the
ESD discipline – yet still needed to run the business, get out the designs, and ship
products. This made me realize that the perception was that there had been no science or
structure put in place in the past, and the progress made in the ESD discipline was not
standing on firm ground. The common belief was there was no discipline in the ESD
discipline. I believe part of the perception was due to the lack of a structured educa-
tional framework. Another observation was there was no common design practice, no
common test structure, no standardization, no technology benchmarking, or ESD
technology roadmap. This lack of strategic planning was partly based on the lack of
strategic thinking, but also on the lack of predictive capability, or even the belief in
predicting ESD trends and directions as semiconductor scaling occurred. Engineers did
not even believe in the relationship between technology scaling and ESD predictive
trends. These observations made me realize the lack of confidence in ESD discipline as a
technical discipline or science – again pointing to the lack of formal understanding and
cross-discipline development. Additionally, these concepts were reinforced since there
was no undergraduate or graduate university course.

This motivated me to move forward with the concept of not a single book, but a
series of books on electrostatic discharge phenomena. The objective of the book series is
to establish an educational framework to establish an ESD discipline based on integration
of physics, devices and circuits from the bottom upward. This will be a difficult task.

In this textbook, a first goal is to focus on ESD in semiconductor devices and circuits,
yet to provide a text which is valuable and comprehensible to non-ESD engineers who
have had course work in mechanics, thermal physics, mathematics, circuit design or
semiconductor device physics. The goal of the text would be to provide educational
value to ESD engineers who are not semiconductor device engineers. To achieve this
goal, the material in the text must contain physics fundamentals which are both
simplistic and classical. A focus on mathematics, and models, is key to establish the
base of the ESD discipline. The hope is this will serve as a learning vehicle and reference
source for the future.

A second goal is to connect early fundamentals to today’s technology and future
technologies. An objective of this text is to provide material which not only addresses
today’s problems, but will have long-term retention in its concepts. For this reason,
literature containing physics-based models will be used to discuss today’s technology
concerns. In such a manner, the technology twists and turns along scaling roadmaps will
be apparent. Additionally, new ESD disciplines will be shown to be rooted in the past

xvi PREFACE
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with connections to existing models and literature. By writing in this fashion, the
fundamental concepts will be threaded and woven together.

A third goal is to provide depth as well as breadth in ESD engineering, especially in
new technologies and new endeavors. Where significant materials exist, depth is avoided
when other sources are available. On new subjects, some penetration into the materials
is necessary to understand the subject as well as its significance.

A fourth goal is to provide an educational base which establishes qualitative under-
standing, intuition and inventiveness. At this time, prediction of ESD protection results is
not a closed solution. This is not because that ESD analysis is intractable, but because
ESD physics and product results both involve microscopic and macroscopic scales, and
models or tools which are not extended over wide current, voltage and temperature
ranges. The ESD ‘models’ and reality in actual product implementation are not connected
by an exact one-to-one mapping. Being an ESD engineer requires both an intuition of
why things are occurring, and being able to extrapolate that incomplete knowledge into a
working implementation. Teaching intuition is not easy; teaching inventiveness is easier.

This first book in this series contains the following:
Chapter 1 introduces the reader to the time constants and physical pulse models

associated with ESD. Understanding physical time constants allows one to determine
which physical phenomenon is important. While the student is learning the fundamen-
tals of the different known ESD ‘models’, the text provided a sense of the physical time
constants of interaction. The time constants that define electroquasistatic (EQS),
magnetoquasistatic (MQS), electromagnetic (EM), thermal diffusion processes, ESD
pulse models, circuit time constants, and package models are key to understanding and
intuition. Normalization, and dimensionless groups are also key to understanding the
scale and level of the physical system. Chapter 1 focuses on concepts of stability and
instability from an electrical and electrothermal perspective. Early work of Paschen,
Toepler, and Townsend is discussed for the understanding of breakdown phenomenon.
The chapter focuses on breakdown phenomenon in air, and in silicon to understand the
avalanche phenomenon. Breakdown instabilities are discussed from both a time
and spatial perspective which will be used in future discussion for understanding of
MOSFETs and current constriction, and ballasting. From this approach, understanding
of operation of everything from testers, spark gaps, ESD networks, and MOSFET
snapback can be understood.

Chapter 2 focuses on thermal models, thermal physics and ESD electrothermal
models. The majority of the fundamental electrothermal ESD models are rooted in
the solutions to the heat diffusion equation under geometrical constraints, and time
constant assumptions. The focus of this chapter will show general methods from the
solutions in time and space, in spherical, cylindrical and rectangular geometries. The
chapter will introduce mathematical techniques: Green’s function solutions, method of
images, Duhamel’s formulation, Boltzmann and Kirchoff transformations, the flux-
potential transfer matrix approach, stratified media, and other methods. This naturally
leads to the early ESD models proposed by Wunsch and Bell, Tasca, Arkhipov, Dwyer
and Campbell, Ash, Smith-Littau, and others. This teaching leads to demystifying the
ESD models to simple realizations of thermal solutions and the realization of physical
time constants. The magic is in the beauty of the mathematics of the thermal diffusion
equation and how to apply it to simple geometrical structures and geometrical models
based on a thermal time constant assumption!

xviiPREFACE
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Chapter 3 focuses on semiconductor devices and ESD issues. To avoid being a book
on semiconductors, the chapter focuses on only certain areas of interest and devices of
interest. The devices include diodes, resistors, bipolar transistors, silicon-controlled
rectifiers, and MOSFETs. Without being exhaustive, we address high-current, high-
voltage and high-temperature effects. The chapter addresses leakage phenomena from
thermal models, trap-to-band models, band-to-band tunneling models which are impor-
tant for understanding leakage. For resistor elements, the focus is on velocity saturation
effects. For bipolar transistors, we discuss limitations such as the Johnson Limit, Kirk
effect and basic models. For the silicon-controlled rectifier, the focus is on the criteria
for triggering for different cases, and the general tetrode model. Holding current
formulations will also be discussed. For MOSFETs, the focus is on MOSFET current
constriction, avalanche phenomenon, parasitic bipolar, and MOSFET gate-induced
drain leakage phenomenon. The chapter also addresses velocity saturation effects and
how they relate to ESD phenomenon. The aim is to relate some of the concepts to the
previous chapters, and also to future chapters.

In the subsequent chapters, each region of the semiconductor is focused on in a
general manner, as opposed to creation of specific device models. The standard practice
of teaching these effects is to apply it to a MOSFET transistor, or a diode, or a resistor.
We generalize the subject, under the realization that the models can be integrated into
all devices.

Chapter 4 focuses on substrates and ESD phenomena. Substrate electrical and thermal
modeling influences all circuits and ESD elements. The general concepts and models can
be applied to the diode, the bipolar transistor, the MOSFET, and the silicon-controlled
rectifier. Teaching from the generalist approach, the substrate is a semi-infinite domain
containing a plurality of devices, which can be treated independently or coupled.
Substrate model concepts such as semi-infinite domain models, to transmission line
models, and lossy transmission lines, are discussed. This is followed by electrical and
thermal models using Green’s function methods and new geometrical models. Addi-
tionally, to address multi-finger or a plurality of elements, the transfer resistance
concept, used by Ron Troutman for latchup, is shown for more complicated scenarios
and coupling phenomena. These models can be used for ESD, noise or latchup. Another
approach is viewing the substrate as a stratified media. This technique and the flux-
potential transfer matrix approach are used widely at MIT to address problems by
J. Melcher in continuum electromechanics, and by J. A. Kong in electrodynamics for
problem solving. These methods are applicable for problem solving in the ESD area for
variable doped regions, SOI wafers to GaAs substrates.

Chapter 5 discusses well regions, and ESD. It addresses the distinctions between
diffused wells, retrograde wells, triple well and sub-collectors from a general
approach. Distinctions are based on ESD experimental work, showing that these have
significant effect on the operation of vertical diodes, vertical parasitic pnp transistors,
lateral npn transistors and other ESD structures of interest. This knowledge can be
used for an understanding of ESD, latchup and minority-carrier injection. Samples of
some experimental results will be shown of recent discoveries in ESD associated with
well structures.

Chapter 6 discusses the influence of isolation structures on ESD robustness. Isolation
structures include LOCOS isolation, shallow trench isolation and deep trench isolation.
These structures have significant impact on the operation of ESD networks and latchup.

xviii PREFACE
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Distinctions are made between how ESD devices respond between LOCOS and STI.
Simulation, and experimental results of LOCOS and STI structures are discussed.

Chapter 7 discusses MOSFET drain structures and salicides. MOSFET drain
structures and salicide have significant influence on ESD protection. MOSFET drain
engineering evolution as well as the transition from titanium to cobalt salicide will be
discussed. A discussion on titanium properties, and transition to low resistance and the
usage of molybdenum in assisting of the transition is briefly addressed. A focus is
maintained on thermal models on salicides relating to the self-heating effects from
ESD events.

Chapter 8 addresses dielectrics and ESD events. The model of Fong and Hu of
dielectric failure is discussed. This is followed by the work of D. Lin, addressing the
distinction of the model between d.c. and pulsed phenomenon. The chapter primarily
discusses the physics of dielectrics. To address dielectrics in general would be quite
exhaustive, hence a small view of the dielectrics is shown.

Chapter 9 addresses interconnects and ESD. Interconnects and ESD are discussed by
addressing aluminum interconnects, copper interconnects, and copper/low-k inter-level
dielectric systems. Although there is a number of interconnect models, the focus is on
those proposed by Banerjee and the author. Models for resistors are suitable for
interconnects, such as the Smith–Littau model. Additionally, models have been pro-
posed by Maloney, Vinson, and Salome. The model discussed in the chapter on n-wells
can be utilized as well for interconnects. Instead of an exhaustive list of interconnect
models, new issues such as low-k dielectrics, fill shapes, voiding, ESD electromigration
studies and other issues are briefly addressed. Materials from P. Y. Tan and S. Sherry
on material changes and EM impacts are shown. These models are also suitable and
applicable for understanding of ESD failures in magnetic recording devices such as
magnetoresisitive heads, giant magnetoresistive heads, and tunneling magnetoresistive
heads.

Chapter 10 addresses silicon on insulator (SOI) technology and ESD. SOI technology
is arousing growing interest; it introduces new issues for ESD protection and is a natural
extension of CMOS Technology. We discuss lateral polysilicon gated diode structures in
SOI. SOI diode models, and thermal models are introduced. From the generalist
approach, SOI modeling is a natural for Green’s function thermal models due to the
geometries, and the substrate can be treated as a stratified medium problem. The dynamic
threshold SOI devices is also introduced to show new opportunities in SOI environments.
The interest in SOI technology continues for both earth-based and space applications.
This chapter shows the early work of SOI in modern CMOS technology. This chapter
carries the reader from the first work at IBM starting in 1994 to the present day.

Chapter 11 covers silicon–germanium (SiGe) and silicon–germanium–carbon (SiGeC)
technologies and ESD. Silicon–germanium device physics, and ESD phenomena are
briefly discussed. The chapter focuses on the distinctions between silicon bipolar versus
silicon–germanium, and the silicon–germanium versus silicon germanium carbon
devices from an ESD perspective. It was as recent as 2000 that the first paper on ESD
in SiGe bipolar transistors was published. This chapter brings the reader up to speed
from the first publication to the present.

Chapter 12 introduces devices of the future where there are currently no reported
ESD measurements! This chapter briefly addresses strained silicon devices, Fin-FETs,
carbon nanotubes and other things to look forward to in the future.
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Two millennia and six hundred years have passed since the discovery of electrostatic
phenomena and it is only now that we have structured a text to evaluate the teaching of
this subject in this fashion. In this text, I needed to find a happy medium which bridged
between fundamentals and modern applicability to today’s technology, and aimed to
bring the reader from the past to what is going to happen tomorrow.

Enjoy the text, and enjoy the subject matter of ESD. There is still so much to learn.

B’’H
Steven H. Voldman

IEEE Fellow
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1 Electrostatics and
Electrothermal Physics

1.1 INTRODUCTION

The discovery of electrostatic attraction and electrostatic discharge (ESD) is one of the
earliest examples of the understanding of scientific thought and analysis. It goes back to
the early foundations of the problem of the nature of matter, astronomy, mathematics
and philosophy, and predates understanding of the nature of matter.

Thales of Miletus (624–546 B.C.E) was the founder of the Ionian (or Milesian) school
and one of the Seven Wise Men of Ancient Greece in the pre-Socratic era. Thales was an
astronomer, mathematician, and philosopher. He was an inventor and an engineer.
Thales established a heritage of searching for knowledge for knowledge’s sake, devel-
opment of the scientific method, establishment of practical methods, and application of
a conjectural approach to questions of natural phenomena. The Milesian School is
regarded as establishing the critical method of philosophy of questioning, debate,
explanation, justification and criticism. Students of Thales included Euclid, Pythagoras
and Eudemus [1].

It was Thales of Miletus who was credited with the discovery of the electrostatic
attraction. Thales noted that, after amber was rubbed, straw was attracted to the piece
of amber. It was from this event that, the Greek word for amber, e�ektron (electron)
became associated with electrical phenomena. Knowledge of Thales’ ideas was common
through the writings of his disciples and Greek philosophers. Aristotle stated ‘Some
think that the soul pervades the whole universe, whence perhaps came Thales’ view that
everything is full of gods.’ [2].

Investigation of electrostatic phenomena predated early thoughts on the nature of
physical matter. Thales’s ESD experiments and study of electrostatic attraction
occurred before the Greek atomistic schools of Democritus (420 B.C.E.), and Epicurus
(370 B.C.E.), and the Roman school of Lucretius (50 B.C.E). Thales died before the
schools of atomic thought were active. His tomb was inscribed ‘Here in a narrow tomb
Great Thales lies; Yet his renown for wisdom reached the skies [3].’

ESD: Physics and Devices Steven H. Voldman
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Robert A. Millikan, in the Introduction of his 1917 edition of The Electron [4] stated:

Perhaps it is merely a coincidence that the man who first noticed rubbing of amber would
induce in it a new and remarkable state now known as the state of electrification was also
the man who first gave expression to the conviction that there must be some great
unifying principle which links together all phenomena and is capable of making them
rationally intelligible; that behind all the apparent variety and change of things there is
some primordial element, out of which all things are made and the search for which must
be the ultimate aim of all natural science. Yet if this be merely coincidence, at any rate to
Thales of Miletus must belong a double honor. For he first correctly conceived and
correctly stated, as far back as 600 B.C., the spirit which has actually guided the
development of physics in all ages, and he also first described, though in a crude and
imperfect way, the very phenomenon the study of which has already linked together
several of the erstwhile isolated departments of physics, such as radiant heat, light,
magnetism, and electricity, and has very recently brought us nearer to the primordial
element than we have ever been before.

J. H. Jeans, in the 1925 fifth edition of The Mathematical Theory of Electricity and
Magnetism [5], wrote: ‘The fact that a piece of amber, on being rubbed, attracted to
itself other small bodies, was known to the Greeks, the discovery of this fact being
attributed to Thales of Miletus.’ This fact, and the discovery of magnetism from lode-
stone, formed the ‘basis from which the modern science of Electromagnetism has
grown.’

With the death of Thales of Miletus, little progress was made on ESD phenomena.
Although history moved forward, the advancement of triboelectric charging and elec-
trostatic discharge phenomenon was slow. Europe saw the Roman Empire, the Golden
Age of Islam, the Middle Ages, the Black Death, the Renaissance, the Reformation, and
the advancement of nation states. ESD was discovered by Thales while China was under
the Zhou Dynasty. Asia experienced tremendous changes, through the Qin, Han, Sui,
Tang, and Song, Yuan, and Ming dynastic periods, but with no advancement of this
field of knowledge.

With all this social change, there was insignificant growth in the understanding of
electrostatic phenomenon until the 18th century. Interest in tribocharging and electro-
static phenomena became a hobby of scientists supported by the courts of Europe and
laboratories of France and England. Gilbert, in the 17th century, noted that interaction
between a glass rod and silk produced the same phenomenon discussed by Thales of
Miletus; materials when rubbed with silk became ‘amberized’ [4]. Gilbert began con-
struction of the earliest list of triboelectrification.

In the same period, Stephen Gray (1696–1736) thought of the concept of dividing of
materials according to their nature of removing or sustaining electrification [4]. He
defined a class of materials which remove ‘amberization’ as conductors, and the class of
materials which allowed a body to retain its electrification as nonconductors, or insu-
lators.

This work was followed by French physicist Dufay in 1733 discovering that the same
effect can be achieved with sealing wax and cat’s fur, and noting the effect was different
from that of a glass rod [4]. Dufay first noted that there was an attractive and repulsive
phenomenon between different materials, naming the opposite processes as ‘vitreous’
and ‘resinous.’

2 ELECTROSTATICS AND ELECTROTHERMAL PHYSICS
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Benjamin Franklin, the first American ESD engineer, in 1747, also identified two
processes, which he divided into ‘positive’ and ‘negative’ processes. The ‘positive’
process was the first process, discovered by Gilbert, that a physical body was electrified
positive if repelled by a glass rod which had been rubbed with silk. The ‘negative’
process is any body repelled from sealing wax which had been rubbed with cat’s fur,
extending the work of Dufay.

In this time frame, many electrostatic scientists began recording the relationship of
one body to another in the electrification process. Lists of materials were made to
construct the early triboelectrification chart [5]:

Cat’s skin, Glass, Ivory, Silk, Rock Crystal, The Hand, Wood, Sulphur, Flannel,
Cotton, Shellac, Caoutchouc, Resins, Guttapercha, Metals, and Guncotton

Around this time, some electrostatic scientists and engineers explored phenomena
around them, investigating ESD phenomena of garments, and possibly influencing the
‘human body model’. Robert Symmer (1759) conducted experimental studies in the
dark, exploring the electrical discharge phenomenon on removal of his stockings and
the interactions of two different sets of stockings, placing two white stockings in one
hand and two black stockings in the other [4].

In contrast, Coulomb developed the torsion balance in 1785, beginning the serious
process of the understanding of the relationship of force, charge and physical distance.
The experiments of Coulomb had been performed by Cavendish at an earlier date, but
not published until 1879 by Maxwell [6].

At this time, the relationship of positive and negative electrification were not fully
understood. In 1837, Michael Faraday performed the ‘ice-pail experiment’ involving a
glass rod and silk which showed that ‘positive and negative electrical charges always
appear simultaneously and in exactly equal amounts.’ Faraday, in his lecture Forces of
Matter: Lecture V Magnetism–Electricity provided demonstrations of electrostatic
charging phenomena, demonstrating the relationship of positive and negative charging
effects [7]. He would close his lecture on electrical phenomena with ‘This, then is
sufficient, in the outset to give you an idea of the nature of the force which we call
ELECTRICITY. There is no end to the things from which you can evolve this power.’

Even at this time frame, the understanding of the relationship of matter, electrical
charging and electrical force were not well understood. Different models were proposed,
including single electrical fluid models, and two-fluid models, to explain the charging
process. Models were established to explain these phenomena as related to a stress or
strain of the medium, moving from an atomistic perspective to a field representation. It
was at this time frame that Faraday and James Clerk Maxwell began addressing the
understanding of electricity and electrical forces in terms of a field perspective and
electrical charge was viewed as a ‘‘state of strain in the ether.’’ James Clerk Maxwell, in
Electricity and Magnetism in 1873, created the formulation of electricity and magnetism
as we understand it today [6].

In 1889, Paschen began analysis of the breakdown phenomenon in gases, trying to
explain the relationship of breakdown in gases by relating gas pressure and electrode
spacing [8]. Breakdown phenomenon in media took a great leap forward, influencing
ESD understanding in today’s devices.

In 1891, the word ‘electron’ as a natural unit of electricity was suggested by
Dr G. Johnstone Stoney, connecting the ideas of Faraday’s Law of Electrolysis [4]. At

3INTRODUCTION
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this time, the understanding of the connection to physical matter was not understood,
but it was used as a measure or unit. Johnstone Stoney reconnected the idea to the
Greek word for amber, relating the early work of Thales of Miletus to the modern
concept of an electrical unit, later to be shown to be connected to the structure matter
and atomic theory.

From this brief history, it can be seen that electrostatic attraction predates the earliest
thoughts on the understanding of matter. From 600 B.C.E to even as late as the 1890s
the relationship of the discovery of Thales of Miletus were not understood as connected
to the transfer of electrons.

Modern physics opened the door to the understanding of the atom and the relation-
ship to electrical charge. It is too vast an undertaking to begin this book with a discus-
sion of modern physics and the evolution of the electrical engineering discipline.

The electrical engineering profession has been compartmentalized into different
fields, disciplines and sub-disciplines. It was the microelectronic industry that has led
to a return of interest in electrostatic discharge phenomena. In the last 25 years, with the
growth of the semiconductor industry, ESD has been a discipline of significant interest.
In the 1970s as a result of the concerns in the Cold War of electromagnetic pulses (EMP)
excellent physical models were being produced to understand the ESD robustness of
electrical components. In the 1980s with the growth of semiconductor fabrication and
the semiconductor industry, ESD issues remained an issue as human handling, tooling,
shipping and garments, influenced the reliability of semiconductor components.
Although ESD concerns existed, the resources and growth was limited in the 1980s,
leading to a primitive understanding of how to avoid failure mechanisms, and how to
design ESD robust semiconductor processes, devices and circuits. In the 1990s, there has
been tremendous growth in ESD understanding, but new fields and new issues continue
to emerge. As we make the transition from microelectronics to nanostructures, all types
of components, from semiconductors, magnetic recording devices, micromachines, to
photomasks have a larger concern with ESD.

Electrostatic discharge is a cross-discipline, bridging thermal, mechanical, and elec-
trical physics. A difficulty in its teaching is that it also spans physical scales from the
microscopic to macroscopic. The discipline involves understanding from the atomic
surfaces, to nanostructure devices, to circuits, and systems. It spans both space and
time. In time, it spans a wide timescale, from picosecond phenomenon to steady state.
This is the modern difficulty of understanding of quantification and prediction as it
spans disciplines, physical scales, temporal scales, and modeling representation. To
conquer this, we will rebuild our understanding and the focus will be on physical models
which will progress to practical examples.

1.2 A TIME CONSTANT APPROACH

1.2.1 ESD Time Constants

To understand physical phenomena, and particularly ESD phenomenon, it is necessary
to quantify the scale in both space and time. ESD phenomena involve microscopic to
macroscopic scales. ESD phenomena involve electrical and thermal transport on the

4 ELECTROSTATICS AND ELECTROTHERMAL PHYSICS
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scale of nanometers, circuits and electronics on the scale of micrometers, semiconductor
chip designs on the scale of millimeters, and systems on the scale of meters. The time
scales of interest range from picoseconds to microseconds. Electrical currents of interest
range from milliamps to tens of amperes. Voltages range of interest vary from volts to
kilovolts. Temperatures vary from room temperature to melting temperatures of thou-
sands of degrees Kelvin. It is the vast ranges of time, space, currents, voltages, and
temperature as well as its transition from the microscopic to the macroscopic which
makes ESD difficult to model, simulate, and quantify.

To comprehend ESD phenomena, and establish validity of analytical develop-
ments, it is important to be able understand what phenomenon is important. By
analyzing the physical equations from a time constant approach, equations and
understanding can be made rigorous, as well as improving logical clarity. In such a
fashion, electrical and thermal phenomena can be understood. By familiarity with the
important time constants of interest, our understanding as well as insight will be
better served. It is through this process that one can establish a higher intuition in this
complex field.

1.2.1.1 ESD events

To understand the role of ESD events and the physical environments, it is important to
quantify the characteristic times of an ESD event. ESD events are represented as circuit
equivalent models.

1.2.1.2 Human body model characteristic time

A fundamental model used in the ESD industry is known as the human body model
(HBM) pulse [9]. The model was intended to represent the interaction the electrical
discharge from a human being, who is charged, with a component, or object. The
model (Figure 1.1) assumes that the human being is the initial condition. The charged
source then touches a component or object through a finger. The physical contact
between the charged human being and the component or object allows for current
transfer between the human being and the object. A characteristic time of the human
body model is associated with the electrical components used to emulate the
human being. In the HBM standard, the circuit component to simulate the charged
human being is a 100 pF capacitor in series with a 1500� resistor. This network has
a characteristic rise time and decay time. The characteristic decay time is associated
with the time of the network

�HBM ¼ RHBMCHBM

where RHBM is the value of the series resistor and CHBM is the charged capacitor. This is
a characteristic time of the charged source. The HBM characteristic time constant is
physically interesting since the time of the pulse is of the order of the thermal diffusion
time of many materials used in the semiconductor industry.

5A TIME CONSTANT APPROACH



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH001.3D – 6 – [1–36/36] 6.8.2004 10:13AM

1.2.1.3 Machine model characteristic time

Another fundamental model used in the ESD industry is known as the machine model
(MM) pulse [10]. The model was intended to represent the interaction the electrical
discharge from a conductive source, which is charged, with a component, or object.
The model assumes that the ‘machine’ is charged as the initial condition. The charged
source then touches a component or object. In this model (Figure 1.2), an arc discharge is
assumed to occur between the source and the component or object, allowing for current
transfer between the charged object and the component or object. A characteristic time of
the machine model is associated with the electrical components used to emulate the
discharge process. In the MM standard, the circuit component is a 200pF capacitor with
no resistive component. An arc discharge fundamentally has a resistance of the order of
10–25�. The characteristic decay time is associated with the time of the network

�MM ¼ RMMCMM

where R is the arc discharge resistor and C is the charged capacitor. This is a character-
istic time of the charged source. The MM characteristic time scale is significantly faster
than the HBM characteristic time scale, due to the lack of a resistive element. The MM
response is oscillatory and has significantly higher currents than the HBM ESD event.
Experimentally, MM ESD protection level magnitudes are typically 5–10 times lower
than HBM ESD protection level magnitudes.

1.2.1.4 Charged device model characteristic time

The charged device model (CDM) represents an electrostatic discharge interaction
between a chip and a discharging means where the chip is precharged [11]. The charging

C

R

Figure 1.1 Human body model equivalent circuit

C

Figure 1.2 Machine model equivalent circuit
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process can be initiated by direct charging, or field-induced charging. The discharge
process is initiated as contact is initiated between the charged device and the discharging
means. CDM discharge occurs at less than 5 ns where typically the rise time of the event
is of the order of 250 ps. The CDM event is the fastest of the ESD phenomena, and
occurs on a time scale significantly faster than thermal diffusion properties, and of the
order of the modern electronic circuit response times. As a result, the response is near
the thermal adiabatic assumption for the materials used in semiconductors.

1.2.1.5 Charged cable model characteristic time

Another fundamental model used in the ESD industry is known as the charged cable
model or cable model pulse. The model was intended to represent the interaction the
electrical discharge of a charged cable, discharging to a chip, card or system. To initiate
the charging process, a transmission line or cable is dragged on the floor, leading to
triboelectric charging. The model assumes that the cable is charged as the initial
condition. The charged cable source then touches a component or object. A character-
istic time of the cable model is associated with the electrical components used to emulate
the discharge process. In the charged cable model, the cable acts as a capacitor element.
The characteristic decay time is associated with the time of the network

�CCM ¼ RCCMCCCM

where R is the discharge resistor and C is the charged cable. The capacitance used for
this model is 1000 pF. Studies are also completed using a ESD gun which is discharged
through a cable to evaluate the system level events.

1.2.1.6 Charged cassette model characteristic time

The charged cassette model is a recent model associated with consumer electronics. In
consumer electronics there are many applications where a human plugs a small cartridge
or cassette into a electronic socket. These are evident in popular electronic games. In
today’s electronic world, there are many palm size electronic components which must be
socketed into a system for nonwireless applications. To verify the electronic safety of
such equipment, the cassette itself is assumed as a charged source. The cassette model
assumes a small capacitance, and negligible resistance. This model is equivalent to a
machine model type current source with a much lower capacitor component. The model
assumes the resistance of an arc discharge, and a capacitance of 10 pF.

1.2.1.7 Transmission line pulse (TLP) model characteristic time

Transmission line pulse (TLP) testing (Figure 1.3) has seen considerable growth in the
electrostatic discharge (ESD) discipline [12]. In this form of ESD testing, a transmission
line cable is charged by a voltage source. The transmission line pulse (TLP) system
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discharges the pulse into the device under test (DUT). The characteristic time of the
pulse is associated with the length of the cable.

The pulse width of a transmission line pulse is a function of the length of the
transmission line and the propagation velocity of the transmission line. The propaga-
tion velocity can be expressed relative to the speed of light, as a function of the effective
permittivity and permeability of the transmission line source.

�TLP ¼ 2LTLP

�
¼

2LTLP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�eff"eff

p

c0

For this method, the choice of pulse width is determined by the decision to use TLP
testing as an equivalent or substitute method to the HBM methodology. In standard
practice today, the TLP cable length is chosen so as to provide a TLP pulse width of
100 ns with less than 10 ns rise time.

TLP systems are designed in different configurations. TLP system configurations
include current source, time domain reflectometry (TDR), time domain transmission
(TDT), and time domain reflectometry and transmission (TDRT). In all configurations,
the source is a transmission line whose characteristic time constant is determined by the
length of the transmission line cable. The various TLP configurations influence the
system characteristic impedance, the location of the device under test, and the measure-
ment of the transmitted or reflected signals.

Figure 1.4 is an example of a TDR TLP system. In a TDR TLP system, the pulse is
applied to the device, and the evaluation of the waveform is based on the reflected
signal.

Figure 1.5 is an example of a time domain transmission (TDT) TLP system. Note
that the evaluation of the current and voltage across the device is based on the
transmitted signal.

Time
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Figure 1.3 Transmission line pulse voltage and current waveform
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In the time domain reflection and transmission (TDRT) TLP system (Figure 1.6), the
signal across the device is evaluated based on information of the reflected as well as
the transmitted signal.

1.2.1.8 Very fast transmission line pulse (VF-TLP) model characteristic time

The very fast TLP (VF-TLP) test method is similar to the TLP methodology [13]. The
interest in VF-TLP is driven by understanding semiconductor devices in a time regime
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Figure 1.4 Time domain reflection (TDR) transmission line pulse test system
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Figure 1.5 Time domain transmission (TDT) transmission line pulse test system
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Figure 1.6 Time domain reflection and transmission (TDRT) transmission line pulse test system
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similar to the charged device model (CDM) time constant. The characteristic time of
interest is again determined by the propagation characteristics of the transmission line
cable source, and the length of the transmission line cable.

�VF-TLP ¼ 2LVF-TLP

�
¼

2LVF-TLP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�eff"eff

p

c0

The VF-TLP pulse width of interest is a pulse width of less than 5 ns and a rise time
<1ns. This time regime is well below the thermal diffusion time constant in semicon-
ductor media. The method of the fast time constant limits the suitable equipment for
measurement. Presently, VF-TLP systems have been demonstrated using all the same
configurations as the TLP system.

1.2.2 Time Constant Hierarchy

By establishing a hierarchy of characteristic times, the validity of the physical phenom-
ena and the equations will be self-evident and an understanding of the time regime
under which these will remain valid is obtained [14].

In ESD phenomena, the time constant hierarchy is shown in Figure 1.7 for different
ESD mechanisms and simulated tests. The relationship between the pulse time constant
and the physical phenomenon will determine the role of thermal and electrical response.

In electrothermal physics, it is important to understand the relationship of the ESD
events to the electrical and the thermal response. This is best illustrated by construction
of the hierarchy of characteristic length and time scales.

1.2.3 Thermal Time Constant

1.2.3.1 Heat capacity

The heat capacity of a medium is the ability of a medium to store energy [15]. The heat
capacity Cp of the system is expressed as the product of the mass density �, the specific
heat cp, and temperature T

Cp�T ¼ �cp�T

τHBMτCDM τMM

τVF-TLP  τTLP

Figure 1.7 ESD time constant hierarchy
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1.2.4 Thermal Diffusion

Thermal transport occurs as a result of a gradient in the temperature field. Thermal
conduction occurs as a result of thermal diffusion.

1.2.4.1 Heat transport equation

Electrostatic discharge phenomena involve both electrical and thermal phenomena.
The temperature field in a medium can be determined from the differential equation of
heat conduction. The temperature at any point in the medium can be quantified by
understanding the energy balance in a given region. The energy balance equation for
an infinitesimal volume is determined by the sum of the net rate of heat entering the
volume, and the rate of energy generation in the volume, which is equal to the rate of
increase of the internal energy in the volume. The net rate of heat entering the
infinitesimal volume is equal to the heat flowing into the volume minus the heat
flowing out of the volume. The sum of the differential heat flow in all directions
determines the net rate of heating in the volume. This term is the divergence of the
heat flux. The rate of energy generation in the volume is associated with the generation
sources in the infinitesimal volume. The rate of increase in the internal energy is
associated with the increase in the heat capacity of the system. The energy balance
equation in this form is also known as the heat equation, or the partial differential
equation of heat conduction.

@

@x
k
@T

@x

� �
þ @

@y
k
@T

@y

� �
þ @

@z
k
@T

@z

� �
þ g ¼ �cp

@T

@t

In the case that the thermal conductivity k is position and temperature independent
the thermal conductivity variable can be separated from the heat flux term. In this case,
the partial differential equation of heat conduction can be normalized. The heat flux
term can be simplified as the Laplacian of temperature and expressed as

r2T þ g

k

� �
¼ 1

�

@T

@t

In this form, the thermal diffusivity is defined as

� ¼ k

�cp

This equation in this form is important for quantifying the ESD event in the location
where the heat generation is occurring. This is typically in the regions of electrical
current flow or electrical current generation. For example, heat is generated in the
source, drain and channel of a MOSFET as a result of Joule heating.
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Given that there is no internal generation of heat sources inside the medium, the
partial differential equation of heat conduction can be simplified to the Fourier equa-
tion, also known as the diffusion equation.

r2T ¼ 1

�

@T

@t

The Fourier equation is also known as the parabolic equation since it is a differential
equation which is first order in time and second order in space. For ESD analysis, this
equation is applied in regions where there is no source of thermal generation, yet whose
temperature field is being influenced by heat flux or temperature gradients inside the
regions or on its boundaries.

For steady state processes, the partial differential equation of heat conduction
simplifies to

r2T þ g

k

� �
¼ 0

For the case of a uniform thermal conductivity (space and time), the partial differ-
ential equation of heat conduction reduces to the Poisson equation with temperature as
the field variable. The Poisson equation is valuable for analysis of self-heating processes
which are steady state. In the case that there is no internal generation, uniform thermal
conductivity and no heat generation, the Possion equation simplifies to the Laplace
equation

r2T ¼ 0

1.2.4.2 Thermal physics time constants

From the partial differential equation of heat conduction, a characteristic time asso-
ciated with thermal diffusion is the thermal diffusion time �T

�T ¼ ‘2

�

where � is the thermal diffusivity, �¼ k/�cp and l is the characteristic length.
Given an oscillatory steady state thermal excitation which has an angular frequency

!, where the spatial wavelength is much shorter than other physical characteristic
lengths, a thermal skin depth can be defined as

� ¼
ffiffiffiffiffiffi
2�

!

r
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1.2.5 Adiabatic, Thermal Diffusion Time Scale and Steady State

Electrostatic discharge phenomenon in semiconductors concerns itself with events
where the time scale of the applied pulse and response of the medium, circuit and
systems are of primary interest.

The hierarchy of characteristic times must be established to understand the physical
phenomenon and the relationship of the ESD event characteristic times. The character-
istic time of the ESD event relative to the electromagnetic wave transit time, the charge
relaxation time, the magnetic diffusion time and the thermal diffusion time are impor-
tant to understand the physical response.

In semiconductors such as silicon, the hierarchy of characteristic times follow the
electroquasistatic (EQS) assumption [14]. For an EQS assumption, the magnetic diffu-
sion time is shorter than the electromagnetic transit time. The ordering of characteristic
times are the magnetic diffusion time, the electromagnetic transit time, and then the
charge relaxation time. Additionally, the time region of interest is such that the electro-
magnetic transit time is significantly smaller than the characteristic time of the pulse
(e.g. � �1). The ordering of these characteristic times must be true to insure validity of
the EQS assumption. To address the issue of thermal transport, there are three regions
of interest within this hierarchy of characteristic times. When the characteristic pulse
time � is much shorter than the thermal diffusion time, the thermal transport due to
conduction is negligible. This is the ‘adiabatic assumption.’ As the characteristic pulse
time � is of the same order of magnitude as the thermal diffusion time. This will be
referred to as the ‘thermal diffusion regime assumption.’ As the characteristic pulse time
is significantly longer than the thermal diffusion time, the solution approaches a steady
state response, known as the ‘steady state assumption.’

1.2.6 Electroquasistatics and Magnetoquasistatics

Given a physical system, a characteristic length and a characteristic time can be
established to explain a physical system. Let us define a scale of characteristic length l
and characteristic dynamical time � .

Electrical phenomena involve both electrical and magnetic fields. The electric and
magnetic fields are coupled through Maxwell’s equations. Three important time con-
stants allow us to understand the validity of the electrical phenomena. The three time
constants of interest are the charge relaxation time �e, the magnetic diffusion time �m,
and the electromagnetic wave transit time �em. The electromagnetic wave transit time
�em, is the time it takes for an electromagnetic plane wave to propagate a distance l

�em ¼ l

c

where c is the speed of light in a medium. The speed of light in a medium can be
expressed as

c ¼ 1ffiffiffiffiffiffi
�"

p
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From this we can express the electromagnetic transit time as

�em ¼ ‘
ffiffiffiffiffiffi
�"

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�	‘2ð Þ "

	

� �r

Let us define the charge relaxation time �e

�e ¼
"

	

and magnetic diffusion time �m

�m ¼ �	‘2

The electromagnetic transit time �em, can then be expressed as

�em ¼ ffiffiffiffiffiffiffiffiffi
�e�m

p

In this form, the electromagnetic transit time is the arithmetic mean of the magnetic
diffusion time and the charge relaxation time.

Let us define an additional parameter ��

�� ¼
�em
�

where the parameter is the ratio of the electromagnetic transit time to the characteristic
time [14].

For Maxwell’s equations to reduce to the EQS assumption, the magnetic diffusion
time must be less than the charge relaxation time and the characteristic time � must be
much greater than the electromagnetic transit time (Figure 1.8).

For Maxwells’ equations to reduce to the magnetoquasistatic (MQS) assumption, the
charge relaxation time must be less than the magnetic diffusion time and the character-
istic time � must be much greater than the electromagnetic transit time (Figure 1.9). In
most ESD problems, the analysis does not involve the MQS analysis. But, there are
some cases, such as magnetic recording media, magnetic memory, and MRAMs, where
the MQS assumption is valid.

In the majority of ESD concerns which are of interest in the scope of the text, electro-
statics and electroquasistatics are valid. The characteristic time scale of an ESD pulse will
be of the order of a nanosecond to tens of nanoseconds, which is significantly longer than
the electromagnetic transit time of a semiconductor device, circuit or chip. For a semi-
conductor, the substrate materials are such that the charge relaxation time is longer than
the magnetic diffusion time as a result of the magnetic permittivity values and electrical
permittivity. As the analysis addresses electrical interconnects, packaging, and transmission
line pulse systems, the characteristic time approaches the electromagnetic transit time. In
the analysis of ESD events involving the arc discharge, both current phenomena, and
electromagnetic emissions are present of a TE, TM and TEM form. For semiconductors,
the critical time constants are the charge relaxation time, the thermal diffusion time and the
time constant of the ESD event, and the circuit response (Figure 1.10).
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1.3 INSTABILITY

1.3.1 Electrical Instability

Electrical instability is associated with a system where the instability involves only
electrical phenomena. In this development, it is assumed that the temperature is fixed
and has no influence on the stability.

Taking a simple element, such as a resistor, we can state from the relationship of a
resistor that

V ¼ IR

Taking the derivative of this expression in time we obtain,

dV

dt
¼ R

dI

dt
þ I

dR

dt

Assuming voltage is a constant, then dV/dt¼ 0, and

0 ¼ R
dI

dt
þ I

dR

dt

τ

τeτm τem

(τem/τ)2
 << 1

Figure 1.8 Electroquasistatic time constant hierarchy

τ

τe τmτem

(τem/τ)2 << 1

Figure 1.9 Magnetoquasistatic time constant hierarchy

τ

τm τeτem

(τem/τ)2 << 1

τΤΗ

Figure 1.10 Electroquasistatic and thermal time constant hierarchy
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This can be put in the form,

0 ¼ 1

I

� �
dI

dt
þ 1

R

� �
dR

dt

In order to satisfy this relationship, if the first term is positive, then the second term
must be negative, or

If
1

I

� �
dI

dt
50 then

1

R

� �
dR

dt
40

This expression can be satisfied if R>0, then dR/dt<0. This instability condition is
such that if the current increases in time, then the resistance must be decreasing in time,
or a simpler form, letting V¼ IR where V is a constant, then

RdI þ IdR ¼ 0

Then a condition of instability is

dR

dI
¼ �R

I

Note in this derivation, there was no evaluation of the temperature of the system.

1.3.2 Electrothermal Instability

Electrothermal stability involves the relationship of electrical parameters and tempera-
ture [16]. We can establish an instability condition in a general system to define when
electrothermal instability can occur. Electrothermal instability is important is the lead-
ing cause of ESD failure of devices. Electrothermal instability occurs in resistors,
diodes, bipolar transistors and MOSFET devices. As such, we can address the instabil-
ity criteria independent of the device or structure.

Let current be a function of voltage and temperature, expressing it as

I ¼ I V ;Tð Þ

The total differential of I is then

dI ¼ @I

@V

����
T

dV þ @I

@T

����
T

dT

This can be expressed as

dI ¼ @I

@V

����
T

dV þ @I

@T

����
V

dT

dV
dV
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From the differential current, dI¼G(V,T ) dV, where

G V ;Tð Þ ¼ @I

@V

����
T

þ @I

@T

����
V

dT

dV

For a stable system, the conductance is a positive, or

@I

@V

����
T

þ @I

@T

����
V

dT

dV
> 0

but for an unstable system, the conductance is negative, or

@I

@V

����
T

þ @I

@T

����
V

dT

dV
< 0

When the conductance is positive, and the current is temperature independent for a
fixed voltage, such that

@I

@T

����
V

dT

dV
¼ 0

and

@I

@V

����
T

> 0

then a system is electrically stable.
When the conductance is negative, and the current is temperature independent for a

fixed voltage, such that

@I

@T

����
V

dT

dV
¼ 0

and

@I

@V

����
T

< 0

then a system is electrically unstable.
When the conductance is negative, and the current is temperature independent for a

fixed voltage, such that

@I

@T

����
V

dT

dV
< 0
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and

@I

@V

����
T

< 0

then a system is electrothermally unstable.
Another way to express this is the temperature where power is the parameter. Let

T¼T(P), and let P¼VI, then T¼T (VI ). Then the partial derivatives of temperature as
a function of voltage and temperature can be expressed as

@T

@V

����
I

¼ I
dT

dP

@T

@I

����
V

¼ V
dT

dP

The total differential of power can be expressed as

dP ¼ @P

@V

����
I

dV þ @P

@I

����
V

dI

dP ¼ @P

@T

���� @T@V
����
I

dV þ @P

@T

���� @T@I
����
V

dI

From P¼VI,

@P

@V

����
I

¼ I

@P

@I

����
V

¼ V

then

@P

@V

����
I

¼ dP

dT

@T

@V

����
I

¼ I

@P

@I

����
V

¼ dP

dT

@T

@I

����
V

¼ V

Solving for the partial derivatives of temperature as a function of the voltage and
current, from the above expressions

@T

@V

����
I

¼ I
dT

dP
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and

@T

@I

����
V

¼ V
dT

dP

From these expressions we can solve for the differential relation between voltage and
current

dV

dI
¼ V

I

1� V
dT

dP

@I

@T

����
V

R
@I

@T

����
T

þV
dT

dP

@I

@T

����
V

8>>><
>>>:

9>>>=
>>>;

Given that the denominator is nonzero, and dV/dI¼ 0 we obtain the condition for
second breakdown is

1� V
dT

dP

@I

@T

����
V

¼ 0

or for current as a function of temperature for a constant voltage,

@I

@T

����
V

¼ 1

V

dP

dT

1.3.3 Spatial Instability and Current Constriction

Instability can occur due to voltage, current or temperature magnitudes but instability
can also occur from spatial variations [17]. Electrical and thermal instability can be
initiated by drive forces such as voltage gradients or thermal gradients. Thermal
instability can be driven by the relationship of temperature as a function of voltage
and current, as well as spatial gradients in temperature. Current constriction is the result
of a runaway process where self-heating leads to an interaction of the electric field and
the thermal field.

Assuming that an equipotential surface is an isothermal (e.g. same temperature).
From Ohm’s law

J ¼ � 1

�

� �
r


Where J is the electrical current density and 
 is the electrical potential field. The
electrical resistivity � is assumed constant.

The heat flow per unit area can be expressed as

q ¼ 
 � J � KrT
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Assuming conservation of current r � J ¼ 0 and conservation of heat r � q ¼ 0,
by substitution of current density J into the conservation of current relationship, we
have

r � J ¼ r � � 1

�

� �
r


	 

¼ 0

r � q ¼ r � 
 � 1

�

� �
r


� �
� KrT

	 

¼ 0

then

r � q ¼ r � �
r
� �KrT½ � ¼ 0

From the above expression, if the divergence is zero then it must be true that the
expression is equal to a constant. Then


r
þ �KrT ¼ constant

This expression shows the interrelation of the electric potential and temperature
gradient. If the divergence of the heat flux is a constant, as the temperature gradient
is increased, this is compensated by decrease in the electric field–potential product
expression. At the location of minimum temperature gradient, has the largest
potential–electric field product.

At the peak temperature, the gradient of temperature is zero, and the second
derivative is minimum. Hence on the contour of peak temperature TMAX, !T¼ 0.
Substituting this into the contour expression, at T¼TMAX


r
 ¼ 0

A solution to this contour is that the potential is zero. The maximum temperature
contour is the minimum potential contour.

Z

r
 ¼ �

Z
�KrT

where the potential is integrated from potential 
¼ 0 to potential 
¼
 and the
temperature is integrated from Tmax to T.

From the vector identity, where U and V are both scalar fields,

r UVð Þ ¼ U rVð Þ þ V rUð Þ

if we let U¼V¼
 then the identity can be expressed as

r 
2

2

� �
¼ 
r
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The integral equation can then be expressed as

Z
r 
2

2

� �
¼ �

Z
�KrT

By integral expression the gradient can be interchanged, leaving the expression as


2

2
¼
Z Tmax

T

� Tð ÞK Tð ÞdT

This result shows the electrical energy (square of the potential energy) equals the
integral of the product of the resistivity and thermal conductivity integrated from the
temperature T to the maximum temperature Tmax. In this expression, the integration
does not follow the isothermal region, but is an integration along the temperature
gradient. From this relationship, the electric potential can be evaluated as


 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Z Tmax

T

� Tð ÞK Tð ÞdT

s

For the temperature range below the intrinsic temperature Ti, the electrical resistivity
is determined by the doping concentration n.

� Tð Þ ¼ 1

q�n

For temperatures between the intrinsic temperature and the maximum temperature,
the electrical resistivity can be estimated as a function of the intrinsic carrier concentration

� Tð Þ ¼ 1

q�ni

where ni is the intrinsic carrier concentration. In the case below the intrinsic tempera-
ture, the electrical resistivity is a weak function of temperature. For temperatures above
the intrinsic temperature, the electrical resistivity is a strong function of the tempera-
ture. This is a result of the intrinsic carrier concentration has an exponential dependence
in temperature.

From the relationship between electric potential, maximum temperature, electrical
resistivity and thermal conductivity, a set of contours (Figure 1.11) can be created as
a function of a fixed Tmax. The maximum temperature in the electrical constriction can
be between the intrinsic temperature and the melting temperature.

The radius of the current constriction can be obtained by establishing an Ohm’s law
relationship from an infinitesimal in the constriction current path. Hence, a differential
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change in potential is equal to the product of the total current, the resistivity, and
incremental spatial change in the constriction.

d
 ¼ Im�dr

The relationship between the differential potential and the differential of thermal
potential is


d
 ¼ �KdT

Combining the two equations

Im�dr ¼
�KdT




Integration over the variable dr, the reduced resistance due to current constriction
can be calculated,

Z
drIm� ¼

Z
dT

�K




The integration of the geometric dimension is from r¼ 0 to r¼Rs, and the integra-
tion over temperature is from Tmax to T.

Since the total current is a constant, this can be removed from the integral; hence the
expression is

ImRs ¼
Z

drIm� ¼
Z

dT
�K




Peak
Temperature

Isotherms

Peak Voltage

Figure 1.11 Spatial current constriction and temperature contours (isotherms)
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Hence, the reduced resistance can be evaluated as

Rs ¼
1

Im

� �Z
dT

�K




From this development, substituting in the expression 
 (T), we obtain

Rs ¼
1

Im

� �Z
dT

�Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
R Tmsc

T � T 0ð ÞK T 0ð ÞdT 0
q

From spreading resistance theory, the relationship between contact radius a and a
contour at a distance d from it can be shown to satisfy a model

Rs ¼
1

2�a

� �
tan�1 d

a

� �

Then we have the relationship of the current restriction as

1

2�a

� �
tan�1 d

a

� �
¼ 1

Im

� �Z
dT

�Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
R Tmsc

T
� T 0ð ÞK T 0ð ÞdT 0

q

1.4 BREAKDOWN

1.4.1 Paschen’s Breakdown Theory

Another form of instability occurs when there is a regenerative feedback. Breakdown in
gases, liquids or solids can be initiated by a feedback induced by the acceleration of
carriers, leading to secondary carriers.

Breakdown phenomenon in air is important for ESD applications for spark gaps,
ESD simulators, and in the magnetic recording industry. Today, there is a focus on the
understanding of breakdown phenomenon for charged device simulators. In the mag-
netic recording industry, breakdown can occur between the magnetoresistor (MR)
element and the shields across the air bearing surface. Hence the physics of breakdown
in air is relevant to today’s problems. At very high speeds, the ability to provide
semiconductor devices may be limited. As a result, field emission devices and spark
gaps may play a role in air bridge applications and micro-machines.

Paschen, in 1889, studied the breakdown physics of gases in planar gap regions [8,18].
The result showed that breakdown process is a function of the product of the gas
pressure and the distance between the electrodes. Paschen showed that

pd ’ d

l
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where p is the pressure, d is the distance between the plates and l is the mean free path of
the electrons. From the work of Paschen, a universal curve was established which
followed the same characteristics, independent of the gas in the gap. The Paschen curve
is a plot of the logarithm of the breakdown voltage as a function of the logarithm of the
product of the pressure and gap distance.

VBD ¼ f pdð Þ

At very low values of the pd product, electrons must accelerate beyond the ionization
limit to produce an avalanche process because the probability of impacts is too low. In
this region, the breakdown voltage decreases with increasing value of the pressure–gap
product. This occurs until a minimum condition is reached. At very high values of the
pressure–gap product, the number of inelastic collisions is higher and the breakdown
voltage increases. This U-shaped dependence is characteristic of gas phenomenon. At
high gas pressure, secondary processes, such as light emissions occur.

1.4.2 Townsend’s Concept

The avalanche phenomenon is important to understand the breakdown process in
semiconductors and other materials. Townsend, in 1915, noted that breakdown occurs
at a critical avalanche height [18,19],

H ¼ e�d ¼ 1

�

In this expression, the avalanche height H is equal to the exponential of the product
of the probability coefficient of ionization(number of ionizing impacts per electron and
unit distance in the direction of the electric field) and electrode spacing. The avalanche
height H can also be expressed as the inverse of the probability coefficient of regener-
ation (number of new electrons released from the cathode per positive ion).

1.4.3 Toepler’s Law

Evaluation of the resistance of arc discharges are important in ESD phenomena since
these events are evident in ESD simulation, such as the charged device model (CDM),
machine model (MM) and other ESD simulators.

Toepler, in 1906, established a relationship of the arc resistance in a discharge process
[18,20]. Toepler’s law states that the arc resistance at any time is inversely proportional
to the charge which has flowed through the arc

R tð Þ ¼ kTDR t
0 I t0ð Þdt0
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where I(t) is the current in the arc discharge at time t, and D is the gap between the
electrodes. The parameter kT is a constant whose value is 4� 10�5 V s�1cm�1.

1.5 AVALANCHE BREAKDOWN

Avalanche breakdown plays an important role in the understanding of electrostatic
discharge issues. Avalanche breakdown can lead to physical failure of semiconductor
components. Avalanche breakdown is also used intentionally in semiconductors to
serve as a trigger element to initiate turn-on of an ESD circuit. Avalanche breakdown
plays a key role in semiconductor ESD elements and circuits which are intentionally
reverse biased during functional operation of semiconductor chips, but are initiated at a
voltage above the native operational voltage. This phenomenon is key to ESD networks
in MOSFET and bipolar devices. It is utilized on input pin circuits, between common
power rails in ESD power clamps, and between power rails. Hence, it is fundamental to
the ESD discipline.

As carriers are accelerated in a medium, energy is transferred from the electric field to
the carriers. As the electric field increases, carriers approach a limiting drift velocity and
further increases lead to thermal vibrations. As carriers are accelerated, there is compe-
tition between energy transmitted to the electron and energy transmitted to the lattice.
The probability of ionizing a carrier can be expressed as [21]

exp ð�"i=qElrÞ

where the probability is a function of the ionization threshold, the energy of the carrier,
and mean free path of optical phonon scattering. Above the threshold for ionization,
the energy balance is

qE ¼ �i"i þ �r"r

where the LHS is the energy of the carrier, and the RHS is the energy transfer to impact
ionization and the energy transfer to optical phonon generation. The impact ionization
coefficient is the number of ionizing events divided by distance. From this we can
establish a relationship of the probability that impact ionization can occur compared
with phonon generation, when the energy of the carrier is above the impact ionization
energy.

P ¼ �i

�r

Within that distance, multiple phonons can be generated. This can then be expressed
as a function of the impact ionization relative mean free path, and the optical generation
mean free path. The probability of emission of an optical phonon is

rP ¼ li

lr
P
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In any event, the probability of ionizing is 1/(1þ r) and the emission of phonons is
r/(1þ r). From this expression, and substitution into the energy balance equation, we
can solve for the impact ionization coefficient

�i ¼
qEP

"r þ "i þ r"rð ÞP

To follow the cascade of carriers, the ionization rate is a function of the summa-
tion of probable events of cascades. The probability that a carrier contributes to
ionization is a function of a first event where the carrier reaches the ionization and
the probability that the first event is ionization. A second term is the probability that
the carrier achieves the energy of a phonon and ionization event, and that the first
event is phonon emission, followed by a ionization event. This is followed by a third
term expressing the probability that an electron achieves the energy of two phonons
and an ionization energy, where the probability that two phonons are emitted
followed by an ionization event.

P ¼Pð E ¼ Eið Þ ionÞj þ Pð E ¼ Ei þ Erð Þ phonon ionj Þj
þ Pð E ¼ Ei þ 2Erð Þ phonon phonon ionjj Þj þ . . .

Then the number of electrons whose first event is ionization is

1

1þ r
exp ð�"i=qElrÞ

The number of electrons whose second event is ionization is

1

1þ r

r

1þ r

� �
exp � "r þ "i

qElr

� �

or equivalently

1

r

r

1þ r

� �2

exp � "i
qElr

� �
exp � "r

qElr

� �

Hence it can be shown for the event of two phonons and an ionization

1

r

r

1þ r

� �3

exp � "i
qElr

� �
exp � 2"r

qElr

� �
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From this the general expression can be shown that

P ¼ 1

1þ r

� �
exp� "i

qElr

� �"
1þ r

1þ r

� �
exp� "r

qElr

� �
þ r

1þ r

� �2

exp� 2"r
qElr

� �

þ . . .þ r

1þ r

� �n

exp� n"r
qElr

� �#

or

P ¼ 1

1þ r

� �
exp� "i

qElr

� � Xn¼n

n¼0

r

1þ r

� �n

exp� n"r
qElr

� �" #

where this expression can be placed in the relationship below to solve for the ionization
coefficient

�i ¼
qEP

"r þ "i þ r"rð ÞP

Note in this development, the analysis was treated from a probability and scale
length perspective. In this form, this is applicable to other applications where there is
a loss of energy to a secondary process.

1.5.1 Breakdown in Air

Analysis of the breakdown in air is valuable for ESD protection to understand ESD
simulators, and specifications. For example, Lin and Welsher treated the phenomenon
of air discharges to understand the physics of the first charged device model (CDM) test
system [22].

Assuming a simple geometry of a gap with a gap spacing d, charge Q, and voltage V,
we can evaluate the voltage, electric field, peak current, rise and fall time using the
Townsend avalanche relationship. Assume a breakdown voltage and breakdown elec-
tric field is achieved in the gap leading to the flow of current across the gap structure.
Let the current be a function of the electron drift current term (neglecting diffusion
current).

I ¼ ene�d

and

�d ¼ �E

We can relate the current to the derivative of the charge Q as a function of time,
letting dQ¼ (env)dt, and we can relate the drift voltage to the electric field, and we know
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that the electric field E is a function of the voltage and gap spacing E¼V/d¼Q/Cd.
Hence we can write

dQ ¼ ene �Ef gð Þdt ¼ ene �
Q

Cd

� �� �
dt

Separating the variables, and integrating,

Z
dQ

1

Q
¼
Z

dt
e�

Cd

n o
ne

� �

Then the charge can be expressed as

Q tð Þ ¼ Q0 exp �
Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

Assuming a breakdown voltage, and breakdown electric field magnitude, as the
initial condition to initiate the discharge, we can also state

V tð Þ ¼ V0 exp �
Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

E tð Þ ¼ E0 exp �
Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

The current is the derivative of the charge, hence

I tð Þ ¼ � e�

Cd

� �
neQ0 exp �

Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

From these expressions, the voltage, electric field, charge and current can be obtained
in the gap when the electron density as a function of time is evaluated. Hence, all the
terminal information can be expressed as a function of the charge density in time.

From the electron current continuity relationship

@ne
@t

þr � Je ¼ G� R

In this form, the generation of electrons is associated with the impact ionization
generation. In the assumption that the spatial variation is small compared with the time
variation, we can neglect the divergence of current term as an approximation.
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Additionally, we can assume electron recombination is negligible. The electron gener-
ation rate is the ionization rate times the current flux. Then we can express this as

@ne
@t

¼ � ne�df g

Solving for the electron population in time

ne tð Þ ¼ n0 exp �
Z t

0

dt0��d

� �

The ionization constant is a function of the electric field, and hence the integral
expression should be integrated over the electric field instead of time.

From the expression for the electric field,

E tð Þ ¼ E0 exp �
Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

and

d

dt
E tð Þ ¼ E0

d

dt
exp �

Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �

Then

d

dt
E tð Þ ¼ E0 exp �

Z t

0

dt0
e�

Cd

� �
neðt0Þ

� �
d

dt
�
Z t

0

dt0
e�

Cd

� �
ne t0ð Þ

� �

From Leibniz’s rule

d

dt
E tð Þ ¼ �E

Z t

0

dt0
e�

Cd

� � d

dt
ne t0ð Þ þ e�

Cd

� �
ne tð Þ dt

dt
� e�

Cd

� �
ne 0ð Þ dð0Þ

dt

� �

where the first and third term are equal to zero, hence

d

dt
E tð Þ ¼ �E

e�

Cd

� �
neðtÞ

then

dE ¼ �E
e�

Cd

� �
neðtÞdt
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Using this representation, the electron density can be solved for as a function of the
electric field using the drift relationship

dne ¼ �ne�ddt ¼ � �Eð Þnedt

Substituting in the differential relationship between electric field and the differential
in time, we can put the differential in electron population in the form,

dne ¼ � �Eð Þne �Cd

e�

dE

Ene

� �
¼ � Cd

e

� �
�dE

Solving for the electron density by integration of both sides

ne ¼ n0 þ
Cd

e

Z E0

E

� E0ð ÞdE 0

Then from this expression the current can be solved from the relationship of current
and carrier density

I tð Þ ¼ e�E n0 þ
Cd

e

Z E0

E

� E0ð ÞdE 0
� �

1.5.2 Air Breakdown and Peak Currents

Air breakdown is important in ESD phenomena and the physics of failure. A key
parameter of interest is the peak current of the air discharge since a number of ESD
failure mechanisms are associated with the peak current magnitude. The current from
an air discharge can be expressed as

I tð Þ ¼ e�E n0 þ
Cd

e

Z E0

E

� E0ð ÞdE 0
� �

The first term is associated with the initial drift current, and can be regarded as small
compared with the integral term. Solving for the peak current can be achieved by setting
the first derivative with respect to the electric field equal to zero. Taking the derivative
of the current with respect to the electric field

d

dE
I tð Þ ¼ d

dE
�Ee

Cd

e

Z E0

E

� E0ð ÞdE0
� �
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d

dE
I tð Þ ¼ �Cd

d

dE
�E

Z E0

E

� E0ð ÞdE 0
� �

By differentiation, and using Leibniz’ rule

d

dE
I tð Þ ¼ �Cd

Z E0

E

� E0ð ÞdE0
	 


þ E

Z E0

E

d

dE
� E 0ð ÞdE0 þ � Eoð Þ dEo

dE
� � Eð Þ dE

dE

	 
� �

From differentiation of the integral term, only the third term is nonzero. To find the
maximum peak current, the derivative of current is set to zero.

d

dE
I tð Þ ¼ �Cd

Z E0

E

� E 0ð ÞdE0
	 


� E � Eð Þ½ �
� �

¼ 0

Then the maximum peak current occurs when

Emax � Emaxð Þ½ � ¼
Z E0

Emax

� E0ð ÞdE 0
	 


Solving for the maximum current

Ipeak ¼ �Cdð ÞE2
max�Emax

The peak current is then a function of the capacitance, the gap size, the mobility and
the ionization at the maximum electric field. From the electron carrier density, sub-
stituting in the above current condition

nmax ¼ n0 þ
Cd

e

Z E0

Emax

� E 0ð ÞdE0 ¼n0 þ
Cd

e
Emax� Emaxð Þf g

1.5.3 Air Breakdown and Rise Times

Pulse time constants associated with ESD phenomena are of interest in order to under-
stand the high-current physics, and the response of the circuit to the pulse [22]. There are
two situations of interest. First, there is interest in whether the semiconductor device or
circuit is responsive to the pulse while it is being stressed. Secondly, for design, circuits
such as ESD power clamps are designed to discriminate different ESD pulse waveforms
from circuit functional responses. For example, RC-discriminators used in RC-triggered
power clamps are used to respond to the ESD pulse waveform, but not to the power up,
power down, or d.c. operation.
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The pulse rise time of air breakdown is important in evaluation of fast ESD phenom-
enon. From the relationship of the differential electric field and the differential time

dE ¼ �E
e�

Cd

� �
nedt

From the relationship

I tð Þ ¼ enevd ¼ e�neE

the expression for electric field can be solved as a function of time

dE ¼ � I

Cd

� �
dt

The current from an air discharge can be expressed as a function of the electric field only

I tð Þ ¼ e�E n0 þ
Cd

e

Z E0

E

� E0ð ÞdE 0
� �

Separating the variables, and then integrating, we can express the relationship as

dt ¼ � Cd

I Eð Þ

� �
dE

Then

t ¼
Z t

0

dt0 ¼ �
Z E

E0

Cd
1

I E0ð ÞdE
0 ¼ Cd

Z E0

E

dE0

I E0ð Þ

Hence the time response is a function of the capacitance, the gap size, and the inverse
of the current integrated over the electric field. Assuming the initial current is small
compared with the integral term

I Eð Þ ’ e�E
Cd

e

Z E0

E

� E 0ð ÞdE0
� �

Substituting for the current in the response time integral expression

t ¼ Cd

Z E0

E

dE0

e�E0 Cd
e

� � R E0

E0 � E00ð ÞdE00
n o
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Factoring out the common terms, we can express the rise time as

t ¼ 1

�

Z E0

E

dE0

E0
R E0

E0 � E00ð ÞdE00
n o

8<
:

9=
;

In this form the rise time is not a function of the capacitor, or the gap, but just a
function of the mobility, and the ionization rate integrated over the electric field. Note
that this can be expressed as a function of the drift velocity – rise time product, with the
expression on the right associated with a characteristic length associated with the drift
velocity – rise time product.

�dt ¼
1

E

Z E0

E

dE0

E0
R E0

E0 � E 00ð ÞdE00
n o

8<
:

9=
;

1.5.4 Mesoplasmas and Microplasmas

The plasma state is regarded as a fourth state of matter where electrons and ions move
as two populations in a physical space. In a plasma state, the electron and ion popula-
tion have distinct physical temperatures. The particle systems are interactive with the
electric fields.

Microplasma states are localized plasma states which typically occur below the
intrinsic temperature. Microplasma states occur in the negative resistance regimes,
and are reversible. These states can occur during electrical instability.

Mesoplasma states are associated with irreversible damage and thermal breakdown,
also known as second breakdown. Mesoplasma states are electrothermal instabilities.
Mesoplasma states occur above the intrinsic temperature and at current densities
102–103 larger than microplasma states.

1.5.5 Mesoplasma Phenomena

Mesoplasma phenomena can be evaluated using solutions to the heat diffusion equa-
tion, assuming a spherical source. As an example, Tasca assumed that the defect where
breakdown occurred was spherical in nature [23]. Assuming a spherical geometrical
defect in an infinite medium whose temperature is at ambient temperature T0 and a
spherical volume D, radius r and surface area S, the internal energy of the defect is equal
to the heat capacity times the temperature. The power to failure is the sum of the
transient power stored in the spherical volume �, the transient power that diffuses
through its surface S, and the steady state power. Tasca derived an expression as

Pf ¼
�Cp�

tf
þ S

K�Cp

tf

� �1=2

þ 8�Kr

3

( )
Tc � T0ð Þ
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At pulse widths significantly less than the thermal diffusion time, the second and
third terms are negligible compared with the first term. The first term represents the
adiabatic term. For pulse widths of the order of the thermal diffusion time, the second
term dominates. As the pulse widths become significantly greater than the thermal
diffusion time, the expression is dominated by the third term, which is time independent.

The power to failure model of the spherical defect is very dependent on the geometry
of the defect as well as the variables for the volume, surface area and radius. Assuming
we can verify that in fact the defect is spherical in nature, and can determine the critical
temperature of failure, it is then possible to extract the size of the defect. For very short
times, the spherical volume can be predicted as

� ¼ Pf tf

�Cp Tc � T0ð Þ

� �

where a plot of volume can be calculated based on the critical temperature to failure, the
known heat capacity term, and the input power and pulse width.

To calculate the surface area, a second term can be calculated from the material
properties

S ¼ Pf tfð Þ1=2

K�Cp

� �1=2
Tc � T0ð Þ

( )

By varying the pulse width of the applied pulse, the geometric characteristics of the
defect can be determined.

In the next chapter, thermal models and ESD analytical models will be discussed in
significant detail. Understanding the response of structures to ESD events is highly
dependent on the geometric region of interest, material properties, and the time
constants.

PROBLEMS

1.1 Avalanche phenomena are important to understand the breakdown process in
semiconductors and other materials. Townsend, in 1915, noted that the break-
down occurs at a critical avalanche height

H ¼ e�d ¼ 1

�

In this expression, the avalanche height H is equal to the exponential of the
product of the probability coefficient of ionization (number of ionizing impacts
per electron and unit distance in the direction of the electric field) and electrode
spacing. The avalanche height H can also be expressed as the inverse of the
probability coefficient of regeneration (number of new electrons released
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from the cathode per positive ion). Derive a relationship assuming the gap is a
semiconductor depletion width.

1.2 In testing a semiconductor chip, ‘no connects’ can store charge when receiving a
human body model pulse. Assuming a source of capacitance C and series resist-
ance R is connected to a capacitor Cpad, calculate the charge transferred to the pad
capacitor.

1.3 In the example above, assume that a second pad is adjacent to the first pad at a
spacing of W. Both first and second pads have a solder ball, where, at a given
voltage, breakdown occurs between the first and second pad. Calculate the time
and voltage at which breakdown occurs between the first and second pad struc-
ture. Assuming the second pad is connected to an ESD network whose impedance
is zero, calculate the rise time of the second pad.
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2 Electrothermal Methods and
ESD Models

2.1 ELECTROTHERMAL METHODS

In this chapter, mathematical methods of physics associated with the thermal diffusion
equation are first introduced to develop the base for analysis of electrostatic discharge
models. Mathematical and practical techniques are introduced such as Green’s func-
tions, method of images, transform pairs, flux-potential transfer matrices, Kirchoff
transformation, Boltzmann transformation, and the Duhamel principle [1–3]. This
establishes the base of knowledge to fully appreciate the assumptions and methods in
the development of the solutions and models of Tasca [4], Wunsch and Bell [5], Smith
and Littau [6], Ash [7], V. I. Arkihpov et al. [8], Vlasov and Sinkevitch [9] and Dwyer
et al. [10]. The chapter closes by addressing ESD from a probability perspective,
introducing the ESD probability distribution functions and cumulative distribution
functions [11–13].

2.1.1 Green’s Function and Method of Images

To provide a generalized formulation for prediction of power to failure and the
transient temperature, a Green’s function approach can be utilized [1–3]. From the
time-dependent heat equation, with a constant thermal conductivity and constant
specific heat–mass density product, the Laplacian of temperature is proportional to
the partial derivative of temperature as a function of time. Assuming that there exists a
source of heat in an infinite medium at a point (x0,y0,z0) at time t0, we can express the
temperature at a point in space at point (x,y,z) at time t. For a point in space (x,y,z)
there is a spherical shell of sources which emits heat energy at time t0. The spherical shell
can be defined as a radial shell of thickness dr0, whose spherical radius is

r2 ¼ x� x0ð Þ2þ y� y0ð Þ2þ z� z0ð Þ2

ESD: Physics and Devices Steven H. Voldman
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A heat source at a point (x0,y0,z0) is generated at time t0 for a quantity of heat Q�c

T x; x0; y; y0; z; z0; t; t0ð Þ ¼ Q

8 �� t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

with the spherical radius r (Figure 2.1).
The heat generated at time t0 requires a diffusion time associated with the thermal

diffusivity to diffuse across the distance between the point the point (x0,y0,z0) to influence
the temperature at a time t, at point (x,y,z). This can be generalized by allowing the
integration over time using a generalization of the heat at any time t0 between the time
t¼ 0 and the time t.

Hence we can generalize as

T x;x0; y; y0; z; z0; tð Þ ¼
Z t0¼t

t0¼0

dt0
Q t0ð Þ

8 �� t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

Expressing this as a function of power dissipated in an infinitesimal volume formed
between x0 and x0 þ dx0,y0 and yþ dy0, and z0 and zþ dz0, and defining the power
dissipated as normalized to the volume V

T x; x0; y; y0; z; z0; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þdx0dy0dz0f g

t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

To evaluate the temperature over all space from all infinitesimal volumes, the
expression can be integrated over the infinite volume �. In the expression, the spatially
independent terms can be removed from the integration over space, and the temperature
can be expressed as

T x; y; z; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þ

t� t0ð Þ½ �3=2
Z
�

exp � r2

4� t� t0ð Þ

� �
dx0dy0dz0

Q (r,t)

Surface S

Figure 2.1 Spherical source
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2.1.1.1 Parallelepiped in an infinite medium

For evaluation of a parallelepiped in an infinite medium let us assume a source has the
dimension W in the x-dimension, and L in the y-dimension, and H in the z-dimension.
For electrostatic discharge evaluation, this can represent a structural feature of a
physical element. The element can be an interconnect, a resistor element, or a region
of a semiconductor MOSFET or bipolar transistor region.

From the above expression, the temperature can be evaluated as

T x; y; z; tð Þ ¼ 1

8�cV �ð Þ3=2
Zt0¼t

t0¼0

0 P t0ð Þdt0

t� t0ð Þ½ �3=2
Fðx� x0; y� y0; z� z0; t� t0Þ

with

F x� x0; y� y0; z� z0; t� t0ð Þ ¼
Z W=2

�W=2

exp � x� x0ð Þ2

4� t� t0ð Þ

( )
dx0ffiffiffi
�

p

Z L=2

�L=2

exp � y� y0ð Þ2

4� t� t0ð Þ

( )
dy0ffiffiffi
�

p

Z H=2

�H=2

exp � z� z0ð Þ2

4� t� t0ð Þ

( )
dz0ffiffiffi
�

p

transformation of variables, we can express the dimension as

u ¼ x� x0ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p and du ¼ � dx0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
Under this transformation, the integral expressions can be represented as error func-

tions in the transformed variables. In a single dimension, we can show

Z W=2

�W=2

exp � x� x0ð Þ2

4� t� t0ð Þ

( )
dx0ffiffiffi
�

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
2

�
2ffiffiffi
�

p
Z u W=2ð Þ

0

exp �u2
� �

du

þ 2ffiffiffi
�

p
Z 0

u �W=2ð Þ
exp �u2
� �

du

�

The expression for temperature in an infinite medium can be put in the form

T x; y; z; tð Þ ¼ 1

8C

Z t0¼t

t0¼0

P t0ð ÞHðx; y; z; t� t0Þdt0

where V is the volume V¼LWH, and letting C¼ c�V
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where we can write the function containing the spatial dependence as the product of
the error functions

Hðx; y; z; t� t0Þ ¼
Y

i¼x;y;z

erf
ðLxi=2Þ þ xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4�ðt� t0Þ
p

 !
þ erf

ðLxi=2Þ � xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !" #

2.1.1.2 Semi-infinite domain

For the case of the semi-infinite region, we can modify the solution given by the
parallelepiped in an infinite region, by defining a boundary condition and applying
the method of images (Figure 2.2).

Analogous to the electrostatic problem, defining the temperature T at a point P in an
infinite space from a point heat source q at point A, and a point heat sink�q at point A0,
there exists a locus of points where the temperature is zero. This is the plane which
bisects the line AA0 at right angles. Hence an ‘image’ of opposite polarity and strength
for an infinite medium exists on the opposite side of the plane. The temperature at the
plane formed by the points P is equal to zero, and satisfies the Laplace equation in the
semi-infinite half-space, except at the point heat source q at point A.

It is also known that, for any temperature field produced by any number of point
heat sources, we can select a constant temperature contour (e.g. isotherm) and replace it
with a thermal conductor. The heat sources on either side of the isotherm are the images
of the other side.

For the case of the adiabatic boundary condition, we require that the derivative of
the temperature is zero at the boundary condition. Assume the parallelepiped is dis-
placed below an infinite plane at z¼ 0 by distance D. Let the boundary condition at the
z¼ 0 plane be an adiabatic boundary condition. This form then assumes that the heat
flux for all times t>0 is zero for all points in the plane. Given that we are interested in
the temperature field in the semi-infinite space below the plane z¼ 0, an image source on
the upper half of the infinite space can be used to provide the boundary condition of
interest in the semi-infinite lower half-space.

Using a parallelepiped of identical dimensions displaced a distance D above the z¼ 0
plane, a plane of symmetry is established that has a solution where all points along the
plane z¼ 0 have the heat flux at the surface is zero.

Z > 0

Z < 0

Figure 2.2 Method of images
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To solve the problem of the semi-infinite domain, we can utilize the method of images
by modification of the Green’s function in the infinite domain so that it applies to the
semi-infinite domain. From the time-dependent heat equation, with a constant thermal
conductivity and constant specific heat–mass density product, the Laplacian of
temperature is proportional to the partial derivative of temperature as a function of
time. As in the problem of an infinite domain, we have

T x; x0; y; y0; z; z0; tð Þ ¼
Z t0¼t

t0¼0

dt0
Q t0ð Þ

8 �� t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

Expressing this as a function of power dissipated in an infinitesimal volume formed
between x0 and x0 þ dx0,y0 and yþ dy0, and z0 and zþ dz0, and defining the power
dissipated as normalized to the volume V

T x; x0; y; y0; z; z0; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þdx0dy0dz0f g

t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

To evaluate the temperature over all space from all infinitesimal volumes, the expression
canbe integratedover the infinite volume�. In the expression, the spatially independent terms
can be removed from the integration over space, and the temperature can be expressed as

T x; y; z; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þ

t� t0ð Þ½ �3=2
Z
�

exp � r2

4� t� t0ð Þ

� �
dx0dy0dz0

For evaluation of a parallelepiped in an infinite medium let us assume a source has
the dimension W in the x-dimension, L in the y-dimension, and H in the z-dimension,
but applying a parallelepiped displaced distance D below the boundary condition z¼ 0
and a image source of equal and opposite strength above the z¼ 0 plane at z¼D

T x; y; z; tð Þ ¼ 1

8�cV �ð Þ3=2
Zt0¼t

t0¼0

0 P t0ð Þdt0

t� t0ð Þ½ �3=2
Fðx� x0; y� y0; z� z0; t� t0Þ

with

F x� x0; y� y0; z� z0; t� t0ð Þ ¼ Fxðx� x0 : t� t0ÞFyðy� y0; t� t0ÞFzðz� z0; t� t0Þ

where

Fx x� x0; t� t0ð Þ ¼
Z W=2

�W=2

exp � x� x0ð Þ2

4� t� t0ð Þ

( )
dx0ffiffiffi
�

p

Fy y� y0; t� t0ð Þ ¼
Z L=2

�L=2

exp � y� y0ð Þ2

4� t� t0ð Þ

( )
dy0ffiffiffi
�

p

Fz z� z0; t� t0ð Þ ¼
Z �D

�ðDþHÞ
exp � z� z0ð Þ2

4� t� t0ð Þ

( )
dz0ffiffiffi
�

p þ
Z DþH

D

exp � z� z0ð Þ2

4� t� t0ð Þ

( )
dz0ffiffiffi
�

p
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The integral expression can be expressed as error functions using a transformation of
variables. The expression for temperature in an infinite medium can be put in the form

T x; y; z; tð Þ ¼ 1

8C

Z t0¼t

t0¼0

P t0ð ÞHðx; y; z; t� t0Þdt0

where V¼LWH, is the volume and letting C¼ c�V where we can write the function
containing the spatial dependence as the product of the error functions

Hðx; y; z; t� t0Þ ¼ Hðz; t� t0Þ
Y
i¼x;y

erf
ðLxi=2Þ þ xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4�ðt� t0Þ
p

 !
þ erf

ðLxi=2Þ � xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !" #

and

H z; t� t0ð Þ ¼ erf
zþDþHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !"

þ erf
�D� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !

þ erf
z�Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !

þ erf
DþH � zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !#

This solution can be applied to a large plurality of semiconductor and electrical
components resistors, transistors, interconnects and magnetic recording devices. In all
cases, boundary conditions can be applied to define the parallelepiped element. It is
common in ESD analysis that the assumption of the region of interest is based on the
geometrical region where electrical current or heat is occurring in the physical elements,
insulating boundaries, or associated with a geometrical dimension of the physical
element (e.g. junction depth, length or width). The method of images can also be applied
to the case of multiple elements, as is commonly done in electrostatics.

2.1.2 Integral Transforms of the Heat Conduction Equation

The heat conduction equation can be solved using integral transforms [1]. The heat
conduction equation is of interest only in cases of time greater than or equal to zero on
the right-hand side of the space–time axis. Let us define a transform integral pair of
temperature using the Laplace transform pair

F x; sð Þ ¼
Z t¼1

t¼0

e�stT x; tð Þdt

and

T x; tð Þ ¼ 1

2�i

Z cþi1

c�i1
estF x; sð Þds
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where the function F(x,s) exists only in the right half-plane (R.H.P.) of the s-space
where the real part of s satisfies Re {s}>�. The properties of the function F(x,s)
are that it must be analytic in that domain and may be defined by analytic
continuation.

From the time dependent heat conduction equation with constant coefficients

@2T x; tð Þ
@x2

¼ 1

�

@T x; tð Þ
@t

the function can be expressed as a function of the transform pair F(x,s). Applying the
Laplace transform to both sides of the equation

L
@2T x; tð Þ
@x2

� �
¼ L

1

�

@T x; tð Þ
@t

� �

On the left-hand side of the equation, the Laplace transform of the second derivative of
temperature with respect to space can be shown to be equal to the second derivative of
the transform variable F(x,s) with respect to space. From Leibniz’s theorem, the
differentiation and integration can be interchanged, when the boundaries of integration
are independent of the differentiation variable. Then

L
@2T x; tð Þ
@x2

� �
¼
Z t¼1

t¼0

e�st @
2

@x2
T x; tð Þdt ¼ @2

@x2

Z t¼1

t¼0

e�stT x; tð Þdt
� �

¼ @2

@x2
Fðx; sÞ

The right-hand side of the equation can be evaluated using Leibniz’s theorem, or the
Laplace transform identity for differentiation

L
1

�

@T x; tð Þ
@t

� �
¼ 1

�
L

@T x; tð Þ
@t

� �
¼ 1

�

Z t¼1

t¼0

e�st @T x; tð Þ
@t

dt

� �

¼ 1

�
s

Z t¼1

t¼0

e�stT x; tð Þdt� T x; 0ð Þ
� �

For a temporal initial condition that at t¼ 0, the temperature at all position is x¼ 0,
the initial condition term is T(x,0)¼ 0. Substituting in the transformed variable

L
1

�

@T x; tð Þ
@t

� �
¼ 1

�
sFðx; sÞf g

The time-dependent heat conduction equation in the transform pair F(x,s) is

@2F x; sð Þ
@x2

¼ sFðx; sÞ
�
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To solve the time-dependent heat conduction equation, the boundary conditions
must be transformed into the Laplace transform pair function F(x,s). Assuming a
boundary condition of the first kind

F x ¼ 0; sð Þ ¼
Z 1

0

e�stTðx ¼ 0; tÞdt

As a first example, let us treat the problem of a constant step temperature where the
temperature is initially zero, and the temperature is raised to a temperature T between
the initial temperature and the melting temperature of the boundary medium or the
melting temperature within the medium on the left-hand side of the spatial plane
(0<T<TM). The solution of interest will provide the temperature distribution within
the medium assuming an instantaneous step increase to a given temperature. In the case
where the temperature instantaneously increases to the melting temperature of a first
medium, the solution will provide the temperature field in the second medium.

Assuming a boundary condition, T(x¼ 0, t)¼T, using Laplace transformation

F x ¼ 0; sð Þ ¼
Z 1

0

e�stTðx ¼ 0; tÞdt ¼
Z 1

0

e�stTdt ¼ T

Z 1

0

e�stdt ¼ T

s

In the transformed variable, the partial differential equation is easily solvable com-
pared with the time form as a result of the reduction of the time variable to an algebraic
term. Let us assume a solution, for all space x>0

F x; sð Þ ¼ Ae�ðsÞx þ Be�� sð Þx

As x approaches infinity, we require the function F(x, s) tends to zero, hence A must
be equal to zero. Solving for boundary condition F(x¼ 0, s), the constant A is
obtained. Substituting in the transformed time-dependent heat conduction equation,
the solution is

F x; sð Þ ¼ T

s
exp �

ffiffiffi
s

�

r
x

� �

Using the inverse Laplace transform, we can express the solution for temperature
T(x,t) in integral form

T x; tð Þ ¼ 1

2�i

Z s¼cþi1

s¼c�i1

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds

To evaluate the integral along the contour, a closed contour can be formed. Using a
closed contour, the Cauchy integral formula can be applied. Assume a closed contour is
formed where a first contour extends from the upper limit of the contour to the LHP
s-plane extending to the real axis at a negative infinite value. A second contour extends
from a negative infinite real value toward the s¼ 0 point. To avoid the singularity, a
clockwise circle contour is formed around the singularity. The contour extends from
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s¼ 0 to a negative infinity value. This is then followed by a contour that reconnects to
the beginning of point above integral expression. From Cauchy integral formula, the
closed line integration over a function f(z) where f(z) is analytic in the region and equal
to zero.

I
C

f ðzÞdz ¼ 0

and

f zð Þ ¼ 1

2�i

Z
C

f �ð Þd�
� � z

Applying the Cauchy theorem for analytical function about a closed contour, the
sum of the integral transform, and the integration over the new contour integrated
with the function contained in the integral transform is zero. Hence the solution of
the temperature is equal to the negative of the sum of the evaluation over the new
additional contour terms. Evaluation of the two contours at infinity in the complex
plane must be equal to zero. Using the Cauchy residue theorem, the integration
around the pole at s¼ 0 is evaluated, where we define the function in the limit that
s approaches zero

lim
s!0

f sð Þ ¼ lim
s!0

T exp �
ffiffiffi
s
�

q
x

n o
2�i

est ¼ T

2�i

Then evaluation of the pole, equals the value T. For the first contour from negative
infinity to zero, the integral is

1

2�i

Z s¼0

s¼�1

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds

and from zero to negative infinity below the branch cut, the integral is

1

2�i

Z s¼�1

s¼0

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds

By changing variables from s to �s, and where the product of value i2¼�1, the
variables and boundaries can be transformed, where the boundary is integrated from 0
to infinity.

1

2�i

Z s¼0

s¼�1

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds ¼ � 1

2�i

Z s¼1

s¼0

T

s
exp �ix

ffiffiffi
s

�

r� �
e�stds

45ELECTROTHERMAL METHODS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH002.3D – 46 – [37–82/46] 6.8.2004 10:15AM

and below the branch cut

1

2�i

Z s¼�1

s¼0

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds ¼ 1

2�i

Z s¼1

s¼0

T

s
exp ix

ffiffiffi
s

�

r� �
e�stds

Using the Euler relationship

exp ix

ffiffiffi
s

�

r� �
¼ cos x

ffiffiffi
s

�

r� �
þ i sin x

ffiffiffi
s

�

r� �

the two integrals can be combined and expressed as

1

2�i

Z s¼1

s¼0

T

s
exp ix

ffiffiffi
s

�

r� �
þ exp ix

ffiffiffi
s

�

r� �� �
e�stds ¼ 1

2�i

Z s¼1

s¼0

T

s
2ið Þ sin x

ffiffiffi
s

�

r� �� �
e�stds

From this expression and the integration around the pole at s¼ 0 we can solve for the
solution for temperature as a function of the integral

T x; tð Þ ¼ 1

2�i

Z s¼cþi1

s¼c�i1

T

s
exp �

ffiffiffi
s

�

r
x

� �
estds ¼ T 1� 1

�

Z s¼1

s¼0

sin x
ffiffiffi
s
�

q� 	
s

e�stds

8<
:

9=
;

Conversion of the variable s to the square of z allows for the integration of the sine
function, where we have

T x; tð Þ ¼ T 1� 1

�

Z z¼1

z¼0

sin z x

ffiffiffi
1
�

q� �
 �
z

e�tz2dz

8>><
>>:

9>>=
>>;

This integral expression can be expressed as the complementary error function,

T x; tð Þ ¼ T 1� erf
x

2

ffiffiffiffiffi
1

�t

r( )" #
¼ Terfc

x

2

ffiffiffiffiffi
1

�t

r( )

From this form, given a constant temperature at the interface, the temperature at any
point in the half plane at any time can be expressed as a function of the complementary
error function.

From this development, it is clear that the heat equation can be solved in the variable
of temperature as a partial differential equation, or the solution can be transformed into
an algebraic expression in the transformed variable s.
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2.1.3 Flux Potential Transfer Relations Matrix Methodology

In the case of a volumetric region where no heat generation source is present, the
Laplace equation is satisfied. In many problems, it is not of interest to know the solution
inside the volumetric region, but only of interest to evaluate at the boundaries. Addi-
tionally, a virtual boundary can be defined where the solution is of interest at that
boundary or interface. The solution of the Laplace equation can be represented as a
matrix representation in terms of the relationship between the heat flux and temperature
at two interfaces. In this form, the solution can be solved using a ‘transfer matrix’
(Figure 2.3) where the transfer matrix and its corresponding boundary condition
satisfies the Laplace equation. This methodology can be used in planar, cylindrical
and spherical geometric regions [14].

In the case of a region with boundaries, or material differences, a stratified medium
can be represented as a set of n regions where the solutions at the interfaces are of
interest, or only the relationship of the first and last outer boundaries. Multiple films of
planar films can be represented as a stratified medium where the material properties
may vary in the different physical regions. For the electroquasistatic analysis, the
medium can change in the dielectric permittivity and magnetic permittivity. For the
thermal analysis, the medium can change in its thermal conductivity. Note that any
physical regions with a variable electrical or thermal properties can be segmented into a
plurality of regions where an average electrical or thermal property is defined in that
region.

This methodology is valuable in many semiconductor problems. For example, in
semiconductor chips, there are presently different types of insulator films of different
electrical and thermal properties. In the interlevel dielectric (ILD) regions, the insulator
region can vary from silicon dioxide to ‘low-k’ materials which have different thermal
conductivities. A second example is in silicon on insulator (SOI) technology; the wafer
can be modeled as a silicon film, a insulator film, followed by a silicon substrate. A third
case, is that of buried layers such as sub-collector regions or heavily doped buried layers
(HDBL). These cases can be modeled as a stratified medium for thermal analysis and
prediction of the temperature and heat flux. This methodology is valid for both the
thermal and the electrical analysis.

T  

α T  

β

dT/dx  

α dT/dx  

β

X = x  

α X = x  

β

Figure 2.3 Transfer matrix formulation
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For a charge-free region with a material of uniform permittivity

D ¼ "E

and

P ¼ ð"� "0ÞE

From Maxwell’s equations, the Gauss law relationship is

r �D ¼ 0

From the relationship of electrical field to the potential field,

E ¼ �r�

and then the solution within the charge free volume satisfies Laplace’s equation

r2� ¼ 0

and

D ¼ �"r�

In magnetoquasistatics, analogously given a system with a uniform permeability, a
magnetic potential and magnetic flux density can be defined. Since the divergence of the
magnetic flux density is zero, fromMaxwell’s equations, a magnetic potential can satisfy
the Laplace’s equation, and we can define a relationship

B ¼ ��r�m

To evaluate the thermal flux and the temperature field, we also have the thermal
analogy of the system with the uniform thermal properties satisfying the Laplace
equation and the flux potential relationship of

q ¼ �krT

Addressing the thermal problem, the relationship between the thermal flux from
the thermal potential on the boundaries, let us find a matrix representation of the
relationship of the forward heat flow from the boundary conditions of temperature.
Conversely, if we know the flux on the boundaries, we can determine the potential on
the boundaries.

The Laplace equation can be transformed according to the method of separation of
variables to address the multiple dimensional problem or the one-dimensional transient
thermal analysis. Taking the case of transient thermal heat conduction, the temperature
is assumed to be a function of space and time and can be expressed as

T x; tð Þ ¼ T xð Þ� tð Þ
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Substitution of the function into the heat equation, the form can be represented as

1

T xð Þ
d2T xð Þ
dx2

¼ 1

��

d�

dt
¼ ��2

Hence, we can solve the spatial variation independently, by solving the solution for
the second-order form of the modified Laplace equation as

d2T xð Þ
dx2

þ �2TðxÞ ¼ 0

Let us define a temperature and heat flux at a first boundary and second boundary.
A solution of the equation by inspection, satisfies the form

T xð Þ ¼ T� sin �xð Þ
sin ��ð Þ � T	 sin � x��ð Þf g

sin ��ð Þ

where the first surface b is at x¼ 0 and the second surface � is at x¼D.
The derivative of temperature is

d

dx
T xð Þ ¼ T� cos �xð Þ

sin ��ð Þ � T	 cos � x��ð Þf g
sin ��ð Þ

From this relationship, we can form a forward matrix relation of the derivative of
temperature at the boundaries to the temperature at the boundaries.

dT

dx

����
�

dT

dx

����
	

2
6664

3
7775 ¼ �

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 T�

T	

� �

From the relationship of heat flux to temperature we can represent this in the form

q�

q	

� �
¼ ��k

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 T�

T	

� �
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This form allows for the representation of the heat flux from the temperature at the
boundaries. Representing the temperature as a function of the heat flux

T�

T	

� �
¼ � 1

�k

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 q�

q	

� �

From this matrix approach, a region can be represented as n regions of a uniform
property. The solution to the stratified medium can be solved using matrix multiplica-
tion. From an electrical circuit analogy, each physical film can be thought of as a two-
port film where the information is zero at the terminals. Note that the electrical and
magnetic potentials and fluxes can also utilize this methodology. This methodology can
be used for the transient one-dimensional solution or oscillatory signals that are separ-
able according to the form required for separation of variables. In these cases, the
variable separation represents different physical meaning, but mathematically reduces
to the form above. This methodology is extendable to cylindrical and spherical systems
where the temperature and heat flux information is solved at the boundaries. The
cylindrical or spherical annulus produces a matrix which is the solution of the Laplace
equation in the physical region.

2.1.4 Heat Equation with Variable Conductivity

During an ESD event, the temperature transition varies from the ambient temperature
to melting temperatures. In the Wunsch–Bell model, it is assumed that the thermal
conductivity and specific heat–mass density product are constant. From the equation of
linear heat flow, where the thermal conductivity is not a constant, let

@

@x
K
@T

@x


 �
� �cp

@T

@t
¼ 0

From this form, let us differentiate the terms

@

@x
K
@T

@x


 �
� �cp

@T

@t
¼ 0

where

@K

@T
¼ K

d lnKð Þ
dT

@T

@x

� �

Then the heat equation with variable conductivity can be put in the form

K
@2T

@x2
þ K

d lnKð Þ
dT

@T

@x


 �2

��cp
@T

@t
¼ 0
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2.1.4.1 Kirchoff transformation

Using the Kirchoff transformation, where

� ¼
Z T

0

K T 0ð Þ
K0

dT 0

the heat equation with variable conductivity can be put into a simplified form. In this
form, the transformed variable is equal to zero when T¼ 0.

From this expression, the partial derivatives with respect to space and time of the new
variable are

@

@t
� ¼ @

@t

Z T

0

K T 0ð Þ
K0

dT 0

From Leibniz’s theorem, the variable of time can be exchanged with integration as

@

@t
� ¼ @

@t

Z T

0

K T 0ð Þ
K0

dT 0 ¼
Z T

0

@

@t

K T 0ð Þ
K0


 �
dT 0 þ KðTÞ

K0


 �
dT

dt
� K0

K0


 �
d T0ð Þ
dt

In this expression, the first and third terms are zero, hence

@

@t
� ¼ @

@t

Z T

0

K T 0ð Þ
K0

dT 0 ¼ KðTÞ
K0


 �
@T

@t

Applying Leibniz’s theorem for the first and second partial derivatives as a function of
space, we obtain

@

@x
� ¼ @

@x

Z T

0

K T 0ð Þ
K0

dT 0 ¼
Z T

0

@

@x

K T 0ð Þ
K0


 �
dT 0 þ K Tð Þ

K0


 �
dT

dx
� K 0ð Þ

K0


 �
d T0ð Þ
dx

In this expression, the third term is zero. Reapplying Leibniz’s theorem, we obtain

@2

@x2
� ¼ @

@x

@

@x

Z T

0

K T 0ð Þ
K0

dT 0
� �

¼ @

@x

Z T

0

@

@x

K T 0ð Þ
K0


 �
dT 0 þ K Tð Þ

K0


 �
dT

dx

� �

@2

@x2
� ¼ @

@x

KðTÞ
K0

dT

dx

� �
þ @

@x

Z T

0

@

@x

K T 0ð Þ
K0


 �
dT 0

� �

From the first term

@

@x

KðTÞ
K0

@T

@x


 �
¼ KðTÞ

K0

@2T

@x2
þ 1

K0

@K

@T

dT

dx


 �
¼ KðTÞ

K0

@2T

@x2
þ KðTÞ

K0

d lnKð Þ
dT

dT

dx

� �
dT

dx


 �
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Substituting the transformed variables into the heat equation, we obtain the heat
equation with variable coefficients in the form of

@2�

@x2
� 1

�

@�

@t
¼ 0

where we express the transformed temperature thermal diffusivity as

� ¼ K

�c

For ESD events, the transformed temperature formulation of the heat equation
proposed by Kirchoff is valuable for power to failure prediction and model develop-
ment. Ash showed that utilizing a form of the Kirchoff formulation, the time depen-
dence of the Wunsch–Bell relations is maintained in the thermal diffusion regime for
certain forms of thermal conductivity temperature dependence. Using the correct tem-
perature dependence will allow for improved prediction of the effective area factor for
ESD power to failure models.

2.1.4.2 Boltzmann transformation

The heat conduction equation is a second-order partial differential equation which is
second order in space and first order in time. Assuming a new variable which is a
function of both space and time, it can be shown that the second-order partial differ-
ential equation can be modified as a second-order ordinary differential equation. With
this conversion, solutions can be simplified using ordinary differential equation methods.

Let a function be

� ¼ xffiffi
t

p

Then the partial differential of space and time can be converted to

@

@x
¼ 1ffiffi

t
p @

@�
and

@

@t
¼ � 1

2
�
1

t

@

@�

From this form, the heat conduction equation can substitute in the above operators

@

@x
K
@T

@x


 �
� �c

@T

@t
¼ 0

where

1ffiffi
t

p @

@�


 �
K

1ffiffi
t

p @T

@�


 �� �
� �c � 1

2
�
1

t


 �
@T

@�

� �
¼ 0
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In this form, the equation reduces to an ordinary differential equation of second
order with variable coefficients.

d

d�
K
dT

d�


 �
þ �c�

dT

d�
¼ 0

Applying the Boltzmann transformation to the Kirchoff formulation,

@2�

@x2
� 1

�

@�

@t
¼ 0

Substituting in the Boltzmann transformation operators

1ffiffi
t

p @

@�


 �
1ffiffi
t

p @

@�


 �
� 1

�
� 1

2
�
1

t

@

@�


 �� �
� ¼ 0

or

�
d2�

d2�
þ 1

2
�
d�

d�
¼ 0

In this form, the heat equation utilizes the Kirchoff formulation of variables and the
Boltzmann transformation, the equation is reduced to an ordinary differential equation
with variable coefficients and allows for a variable thermal conductivity. From the form
of this equation, we can verify that the solution to the equation is the error function.

Let us assume a solution of the form

� �ð Þ ¼ A erf
�

2
ffiffiffi
�

p
� �

where

erf
�

2
ffiffiffi
�

p
� �

¼ 2ffiffiffi
�

p
Z �

2
ffiffi
�

p

0

exp �t2
� �

dt

Applying Leibniz’s theorem of differentiation, we obtain

d�

d�
¼ 2ffiffiffi

�
p

Z �

2
ffiffi
�

p

0

d

d�
exp �t2

 �� �

dtþ exp � �

2
ffiffiffi
�

p

 �2

( )
d

d�

�

2
ffiffiffi
�

p

 �( )

¼ 2ffiffiffi
�

p 1

2
ffiffiffi
�

p exp � �2

4�

� �

then

d2�

d�2
¼ 2ffiffiffi

�
p 1

2
ffiffiffi
�

p �2�

4�
exp � �2

4�

� �
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Substitution of the derivatives into the expression shows that the error function in
this form is a general solution of the Kirchoff representation of the heat conduction
equation with conductivity which is a function of temperature.

2.1.5 Duhamel Formulation

For the evaluation of the power to failure of a semiconductor, a criterion using a form
of the Duhamel formulation can be applied [4]. The importance of this relationship is
valuable for defining the failure time, as well as waveform conversion from one pulse
waveform to another.

The Duhamel principle for the heat equation is given a heat equation relationship in a
domainD, with a boundaryC, where the temperature on the boundary is zero and an initial
temperature field of u(x,y,z, t¼ 0)¼ f(x,y,z), and a second solution w(x,y,z,t) with w¼ 0
on boundary C, and w(x,y,z,t¼ 0)¼ 0 with an inhomogeneous heat equation with drive
term h(x,y,z,t), then a linear operator exists where u(x,y,z,t)¼L [f(�, Z, z)] (x,y,z,t) where

w x; y; z; tð Þ ¼
Z t

0

L h �; 
; �; �ð Þ½ � x; y; z; t� �ð Þd�

Tasca first applied this to explain the power to failure of semiconductors. Assuming
an arbitrary input power waveform P(t) and a damage threshold power PD (tp) asso-
ciated with a rectangular pulse of pulse width tp, the criterion for damage is when the
following inequality is satisfied

Z t

0

P �ð Þ @

@ t� �ð Þ
1

PD t� �ð Þ

� �� �
d� � 1

Then the time at which it is satisfied is the time when the critical time is achieved.
Hence we can define the critical time according to the relationship, where tc is the critical
time, or the time to failure t¼ tf.

Z tf

0

P �ð Þ @

@ t� �ð Þ
1

PD t� �ð Þ

� �� �
d� ¼ 1

From the relationship

T r; tð Þ ¼ T0 þ
Z t

0

P �ð Þ d

d t� �ð Þ H r; t� �ð Þf gd�

Given that the power is independent of time, then

T r; tð Þ ¼ T0 þ P0H r; tð Þ
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From this expression, we can define the power to failure, and the failure time as

P0 tfð Þ ¼ Tc � T0

H tfð Þ

Hence

HðtfÞ ¼
Tc � T0

P0 tfð Þ

From this relationship, we can relate power and temperature as an implicit form from
the critical failure time, and eliminate the geometric information contained in H(r,t)

T r; tð Þ ¼ T0 þ
Z t

0

P �ð Þ d

d t� �ð Þ
Tc � T0

P0 t� �ð Þ

� �
d�

This relationship is important for evaluation of an ESD event for transmission line
pulse systems, in that we can relate the information of power, time, and critical
temperature of the medium without implicit understanding of the spatial information.
Normalizing the expression, we obtain a normalized expression which contains no
spatial information

T tð Þ � T0

Tc � T0
¼
Z t

0

P �ð Þ d

d t� �ð Þ
1

P0 t� �ð Þ

� �
d�

Hence we can define a criterion that when the temperature is at the critical tempera-
ture then, the time to failure can be defined as

Z tf

0

P �ð Þ d

d t� �ð Þ
1

P0 t� �ð Þ

� �
d� ¼ 1

In many applications, it is assumed that the critical temperature is associated with the
intrinsic temperature Ti. Hence we can define a criteria where the Tc¼Ti or

T tð Þ � T0

Ti � T0
¼
Z t

0

P �ð Þ d

d t� �ð Þ
1

P0 t� �ð Þ

� �
d�

Applying the failure criteria to semiconductors, for very short pulses, in the adiabatic
regime, we can express the power to failure for a rectangular pulse of where

PD tp

 �

¼
MCp Tf � T0


 �
tp

then

@

@ t� �ð Þ
1

PDðt� �Þ

� �
¼ @

@ t� �ð Þ
t� �

MCp Tf � T0ð Þ

� �
¼ 1

MCp Tf � T0ð Þ
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Then for an arbitrary power profile P(t) where the pulse is short relative to the
thermal diffusion time in the medium, we have a general failure criteria in the adiabatic
regime for the failure time as

Z t

0

P �ð Þ
MCp Tf � T0ð Þ d�51

In the thermal diffusion regime, let us assume a form of

PD tp

 �

¼ C Tf � T0ð Þffiffiffiffi
tp

p C ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�K�Cp

p

then

@

@ t� �ð Þ
1

PDðt� �Þ

� �
¼ @

@ t� �ð Þ
t� �ð Þ1=2

C Tf � T0ð Þ

" #
¼ 1

2C Tf � T0ð Þ
1ffiffiffiffiffiffiffiffiffiffi
t� �

p

Substituting into the integral expression we obtain a general expression for the time
to failure for an arbitrary power profile P(t)

Z t

0

P �ð Þ
2C Tf � T0ð Þ

ffiffiffiffiffiffiffiffiffiffi
t� �

p d� ¼
Z t

0

1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�K�Cp

p
Tf � T0ð Þ

P �ð Þffiffiffiffiffiffiffiffiffiffi
t� �

p d�51

2.2 ELECTROTHERMAL MODELS

In the next sections, the methods will be applied to well-established ESD models that
were established in the 1960s to 1990s. The base of these ESD models are solutions of
the thermal diffusion equation, and the establishment of a time constant hierarchy
relative to the thermal response of the system and the width of the applied power pulse.

2.2.1 Tasca Model

Tasca addressed the problem of thermal breakdown by assuming that thermal break-
down initiates from a single current constriction. In the model proposed by Tasca [4], it
was assumed that all the junction current passed through the spherical defect. As a
second assumption in the model, it was assumed that the severity of the defective site
was such that only heat is dissipated to the surrounding medium. Tasca assumed that
the defect where breakdown occurred was spherical in nature. The thermal conductivity
and specific heat were assumed a constant. The model assumed a finite sphere of radius a.
The sphere was assumed to exist in an infinite medium.
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Solving for the problem of a spherical region in an infinite medium, the temperature
Tc of the current constriction is

Tc � Ta ¼
a2Q

2K
F�

where Q is the heat rate, a is the radius of the spherical current constriction, K is the
thermal conductivity, and F * is a function where

F� ¼ F1 R ¼ 0

F� ¼ F2 0 < R < a

The solution for F1 can be represented as

F1 ¼ 1þ 2kt

a2
� 1


 �
erf

a

2
ffiffiffiffiffi
kt

p

 �

� 2

ffiffiffiffiffiffiffiffi
kt

�a2

r
exp � a2

4
ffiffiffiffiffi
kt

p

 �

and

F2 ¼
2kt

a2
1� 2a

R
i2erfc

a� R

2
ffiffiffiffiffi
kt

p

 ��

þ 2a

R
i2erfc

aþ R

2
ffiffiffiffiffi
kt

p

 �

� 4
ffiffiffiffiffi
kt

p

R
i3erfc

a� R

2
ffiffiffiffiffi
kt

p

 �

þ 4
ffiffiffiffiffi
kt

p

R
i3erfc

aþ R

2
ffiffiffiffiffi
kt

p

 �)

The solution represents an image charge of equal and opposite magnitude about the
spherical surface at R¼ a.

Tasca showed that this expression can be reduced to a simpler form where the
function F * is solved at a point near the radius a, where F * is approximated as

F� ¼

4Kt

a2�c

2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

r
þ 4Kt

a2�c

From this expression, we can substitute in order to solve for temperature

Tc � Ta ¼
a2Q

2K

4Kt

a2�c

2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

r
þ 4Kt

a2�c

8>><
>>:

9>>=
>>;
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Let us define the heat rate per unit volume per unit time as

Q ¼ P

4

3
�a3

Substituting for this expression we can obtain a relationship between the temperature
and power

Tc � Ta ¼
a2

2K

P

4

3
�a3

0
B@

1
CA

4Kt

a2�c

2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

r
þ 4Kt

a2�c

8>><
>>:

9>>=
>>;

Note, from the expression of the relationship that temperature is equal to the product
of the thermal impedance and power, we obtain

RTH ¼ a2

2K

1

4

3
�a3

0
B@

1
CA

4Kt

a2�c

2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

r
þ 4Kt

a2�c

8>><
>>:

9>>=
>>;

Solving for power to failure, and substituting in a spherical volume D, radius r and
surface area S, from

Tc � Ta ¼
a2

2K

P

4

3
�a3

0
B@

1
CA

4Kt

a2�c

2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

r
þ 4Kt

a2�c

8>><
>>:

9>>=
>>;

P ¼ 2K

a2


 �
a2�C

4Kt


 �
4

3
�a3


 �
2þ 3

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

s
þ 4Kt

a2�c

( )
Tc � Tað Þ

P ¼ �C�

t
þ 3

�C

2t


 �
4�a2

3


 �
a

ffiffiffiffiffiffiffiffiffi
4Kt

a2�c

s
þ 2�C

3t
�a3


 �
4Kt

a2�c

( )
Tc � Tað Þ

Hence

P ¼ �C�

t
þ S

�CK

t


 �1=2

þ 8

3
�aK

( )
Tc � Tað Þ
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Then power is the sum of the transient power stored in the spherical volume D, the
transient power that diffuses through its surface S, and the steady state power. The
power to failure is when the time is the critical time to failure, where

Pf ¼
�Cp�

tf
þ S

K�Cp

tf


 �1=2

þ 8�Kr

3

( )
Tc � T0ð Þ

At pulse widths significantly less than the thermal diffusion time, the second and
third terms are negligible compared with the first term. The first term represents the
adiabatic term. For pulse widths of the order of the thermal diffusion time, the second
term dominates. As the pulse widths become significantly greater than the thermal
diffusion time, the expression is dominated by the third term, which is time independent.

The power to failure model of the spherical defect is very dependent on the geometry
of the defect as well as the variables for the volume, surface area and radius. Assuming
we can verify that in fact the defect is spherical in nature, and can determine the critical
temperature of failure, it is then possible to extract the size of the defect. For very short
times, the spherical volume can be predicted as

� ¼ Pf tf

�Cp Tc � T0ð Þ

� �

where a plot of volume can be calculated based on the critical temperature to failure, the
known heat capacity term, and the input power and pulse width. To calculate the
surface area, a second term can be calculated as well, knowing the material properties

S ¼ Pf tfð Þ1=2

K�Cp


 �1=2
Tc � T0ð Þ

( )

By varying the pulse width of the applied pulse, the geometrical characteristics of the
defect can be determined.

2.2.2 Wunsch–Bell Model

Wunsch and Bell analyzed the power to failure of single-component semiconductors [5].
In this work, they noted a few major effects. The study examined the power to failure of
commercial single components as a function of pulse width. First, the power to failure
of a forward-biased component was higher than that of reverse-biased components.
Second, the power to failure decreased as the length of the applied pulse width
increased. Third, the power to failure pulse width dependence was the same for positive
and negative slopes. From this work, it was postulated that the failure mechanism was
the same, independent of the bias polarity, but the magnitude of the power to failure is
different. In the analysis of the Wunsch–Bell model (Figure 2.4), the time constant
hierarchy compares the relationship with the applied pulse
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From the thermal diffusion equation (heat equation) in the time-dependent form, the
one-dimensional heat equation can be expressed as

@

@x
�
@T

@x


 �
¼ �cp

@T

@t

Assuming a uniform thermal conductivity, the equation can be put in the Laplacian
form and expressed as

@2T

@x2
� 1

�

@T

@t
¼ 0

where � is the thermal diffusivity. To maintain a one-dimensional analysis, we can
assume a plane of thermal heat, with a thermal impulse Q where Q is a thermal pulse of
finite pulse width. Solving the equation for temperature

T x; t0ð Þjx; x0; t ¼ Qffiffiffiffiffiffiffiffiffiffiffi
4�Qt

p
ð Þ exp � x� x0ð Þ2=4�t0

n o

By integration over time

T x; x0ð Þjx; x0 ¼ Qffiffiffiffiffiffiffiffiffi
4��

p
 � Z t

0

exp � x� x0ð Þ2=4�ðt� t0Þ
n o

ffiffiffiffiffiffiffiffiffiffiffi
t� t0

p dt0

Then

T x� x0ð Þ ¼ T x; x0ð Þ ¼ q

ffiffiffiffiffiffi
t

��

r
exp � x� x0ð Þ=4�tf g � q x� x0j j

2�
erfc

x� x0j j
2
ffiffiffiffiffi
�t

p
� �

Letting the variable x� x0 ¼ 0

T 0ð Þ ¼ q

ffiffiffiffiffiffi
t

��

r

Adiabatic Regime

Thermal
Diffusion Regime

Log Pulse Width  (s)

P f
 /A

Steady State

Figure 2.4 Wunsch–Bell model
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and letting

Q ¼ P

A

1

�cp

where P is power, A is area, and substituting in for the thermal diffusivity, 1/�¼ �cp/k
one obtains the relationship

T � T0 ¼
P

A

1

�cp


 � ffiffiffiffiffiffiffiffiffiffiffi
t

��
¼

r
P

A

1

�cp


 � ffiffiffiffiffiffiffiffiffiffiffi
t

� �
�cp

s
¼ P

A


 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

� ��cp

 �

s

From this form, the increase in temperature can be calculated as a function of the
input power, the pulse width, area and thermal properties. From this development, it
can be seen that temperature increases linearly with the power. Note that this expression
also shows that the power is the absorbed power. This analysis assumes that there is no
reflected or transmitted power.

Let us assume that the structure fails at the intrinsic temperature Ti. Then the
intrinsic temperature, can be expressed as

Ti � T0 ¼
Pi

A


 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

� ��cp

 �

s

where we define a new definition of the intrinsic power. The definition for the intrinsic
power is the power needed to increase a medium to the intrinsic temperature for a given
pulse width t.

Solving for the intrinsic power,

Pi

A
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
���cp

p ffiffi
t

p Ti � T0ð Þ

When the temperature is the failure temperature, or maximum temperature, the
relationship is

Tmax � To ¼ Pf

A


 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

� ��cp

 �

s

where the power at the maximum temperature is the power to failure, or

Pf

A
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
���cp

p ffiffi
t

p Tmax � T0ð Þ

The power to failure is associated with this maximum temperature. In many cases,
the melting temperature is the maximum temperature associated with failure. In a
complex structure or system, this may not always be the case.
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In this analysis, the assumption is that the heat source is a one-dimensional plane
wave thermal source propagating into the system with no thermal reflection loss and no
thermal transmission out of the system. The development also assumes no internal
generation mechanisms within the volume or space of interest. The equation also inher-
ently assumes that the order of the pulse width of the thermal source is of the order of the
thermal diffusion time. Given that the pulse width of the thermal source was significantly
faster than the thermal diffusion process, the Laplacian term would be set to zero.

In short time scales, the one-dimensional time-dependent heat equation is

A
@

@x
�
@T

@x


 �
þQ tð Þ ¼ A�cp

@T

@t

Assuming that the thermal conductivity is a constant in the direction of heat flow

A�
@

@x

@T

@x


 �
þQ tð Þ ¼ A�cp

@T

@t

and letting

Q t0ð Þ ¼ q 0 < t0 < t
0 t0 > t

� �

In the hierarchy of time constants, when the pulse width is significantly shorter than
thermal diffusion time, the equation reduces to a spatially independent heat equation
where

@T

@t
¼ Q tð Þ

A�cp

In this form, the equation is a first-order linear differential equation. Integrating the
equation from an initial time t0 ¼ 0 to the pulse length t0 ¼ t

Z t0¼t

t0¼0

dt0
@T

@t0
¼
Z t0¼t

t0¼0

dt0
Q t0ð Þ
A�cp

From the total differential of temperature

dT ¼ @T

@t
dt

substituting for the integral expression where t0 ¼ 0 the system is at ambient temperature
T 0 ¼Tamb, and at time t0 ¼ t, the temperature is T 0 ¼T

Z T 0¼T

T 0¼Tamb

dT ¼
Z t0¼t

t0¼0

dt0
@T

@t0
¼
Z t0¼t

t0¼0

dt0
Q t0ð Þ
A�cp
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where

T � Tamb ¼
Z t0¼t

t0¼0

Q t0ð Þ
A�cp

dt0 ¼ q

�cpA
t

Let q¼P/A, then

T � Tamb ¼ P

A

1

A�cp
t

In this time regime, the temperature is linearly proportional to the power absorbed in
the medium, and is a function of the pulse width. The product of the power per unit area
and the time is the energy input into the medium per unit area. When the temperature is
the failure temperature T¼Tf, then the power is power to failure P¼Pf.

Pf

A
¼ �cp Tf � Tambð Þ

t
A

2.2.3 Smith–Littau Model

Smith and Littau developed a model for the prediction of resistor elements [6]. In the
Smith and Littau model, a resistor was modeled as a three-region structure. The thin-
film resistor is present on an insulating film of dielectric representing an interlevel
dielectric film where the thin-film resistor and interlevel dielectric interface is at x¼ 0.
The interlevel dielectric film of film thickness x rests on a substrate wafer of thickness d,
with the interlevel dielectric–substrate interface at x. In the model, it assumes that all
heat loss is from thermal conduction (e.g. heat loss from radiation is negligible and net
heat flux at the interface is zero).

From the heat diffusion equation,

@2T

@x2
� 1

�

@T

@t
¼ 0

The boundary condition at x¼ 0 is the boundary condition of the heat flux from the
interconnect into the insulating interlevel dielectric.

q ¼ �� @T
@x

x ¼ 0

Let heat flux per unit area equal F, then we can express the first derivative at the
interface as

@T

@x
¼ �F

�
x ¼ 0 �50

63ELECTROTHERMAL MODELS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH002.3D – 64 – [37–82/46] 6.8.2004 10:15AM

and the additional boundary conditions that at an infinite distance the temperature is
zero from the initial time to infinite time, and that the substrate is a perfect heat sink
with temperature zero at the interlevel dielectric–substrate interface.

x ¼ 1 T ¼ 0 �50

x ¼ x T xð Þ ¼ 0 �40 04x41

The solution to the partial differential equation as a function of time and temperature
can be expressed as

T x; tð Þ ¼ 2C
ffiffiffiffiffiffiffiffi
��u

p 2ffiffiffi
�

p
Z u

0

exp �u2

 �

duþ
exp �u2

 �
ffiffiffiffiffiffi
�u

p � 1


 �

where

u ¼ x

2

� 	 ffiffiffiffiffi
2�

p

To satisfy the conduction boundary condition at the thin-film resistor to interlevel
dielectric interface, let x¼ 0 where in the limit that x approaches zero, the variable u also
approaches zero. Then

T 0; tð Þ ¼ 2C
ffiffiffiffiffiffiffiffi
��u

p 2ffiffiffi
�

p lim
x!0

Z x

0

exp �u2

 �

duþ lim
u!0

exp �u2

 �
ffiffiffiffiffiffi
�u

p � 1


 �

lim
u!0

2C
ffiffiffiffiffiffiffiffi
��u

p exp �u2

 �
ffiffiffiffiffiffi
�u

p ¼ lim
u!0

2C
ffiffiffiffiffiffi
��

p exp �u2

 �
ffiffiffi
�

p ! 2C

ffiffiffiffiffiffi
��

�

r

This can then be expressed as

T 0; tð Þ ¼ 2C

ffiffiffiffiffi
�t

�

r

where C¼F/k, hence

T 0; tð Þ ¼ 2
F

�

ffiffiffiffiffi
�t

�

r

The peak temperature in the system will occur at the interface of the thin-film resistor
and the interlevel dielectric.

In the thin-film resistor, the current I can flow through the resistor element parallel to the
interlevel dielectric film. The resistor element has length l, width w. The temperature is
increased as a result of Joule heating, where the power per unit area of the resistor element is

P ¼ I2R ¼ I2�
L

Wt
¼ I2�sq

L

W
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Calculating the power per unit area

P

A
¼ 1

LW
I2�sq

L

W
¼ I2�sq

W
¼ V2

�sqL2

From this relationship, we can solve for the relationship between the temperature at
the interface, the current, voltage and time

T 0; tð Þ ¼ 2
I2�sq
KW2

ffiffiffiffiffi
�t

�

r

T 0; tð Þ ¼ 2
V2

K�sqL2

ffiffiffiffiffi
�t

�

r

The temperature at the interface is the peak temperature. Hence, when the tempera-
ture is the failure temperature, the current and voltage are the current to failure, and the
voltage is the voltage to failure, for the pulse width t¼ �

Tf 0; t ¼ �ð Þ ¼ 2
If

2�sq
KW2

ffiffiffiffiffiffi
��

�

r

and

Tf 0; t ¼ �ð Þ ¼ 2
Vf

2

K�sqL2

ffiffiffiffiffiffi
��

�

r

Substituting for the thermal diffusivity

Tf 0; t ¼ �ð Þ ¼ 2
V2

f

K�sqL2

ffiffiffiffiffiffiffiffiffiffiffi
K�

�Cp�

s

Using the thermal conductivity for the semi-insulating material in cal cm�1 s�1 and
bringing K into the square root

Tf 0; t ¼ �ð Þ ¼ 2
Vf

2

4:184�sqL2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�

�KCp�

r

Solving for the failure voltage

Vf
2 ¼ 4:184�sqL

2Tc

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�KCp�

p
ffiffiffi
�

p

The Smith–Littau model assumes that the top of the resistor does not have any insulating
material. A second solution assuming semi-insulating materials on both top and bottom is

Vf
2 ¼ 4:184�sqL

2Tc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�KCp�

p
ffiffiffi
�

p
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This assumption assumes that the time scale is such that the boundary conditions on top
and bottom appear identical.

2.2.4 Arkihpov–Astvatsaturyan–Godovosyn–Rudenko Model

In the Arkhipov–Astvatsaturyan–Godovsyn–Rudenko (AAGR) model [8], the defect is
not regarded as a spherical region, but as a cylindrical region. Assuming that the
cylindrical defect has radius b and diameter D, an expression for the long pulses prior
to the steady state condition can be obtained as

Pf ¼
4�KaðTc � T0Þ½ �

ln tf
b2=4�D


 �
þ ln 4

�


 �� �

The AAGR model assumes the cylindrical nature of the defect. Experimental evi-
dence in GaAs and other compound semiconductors clearly shows single and multiple
filamentation in the defective region where the cylindrical column is small in radius
compare with the length of the column.

2.2.5 Vlasov–Sinkevitch Model

Vlasov and Sinkevitch [9] also developed a physical model to explain the defect region.
They obtained an expression for the maximum temperature T at time t in a heat center
after pulsed power P. When the defect reaches the critical temperature, the power to
failure can be expressed as

Pf ¼
��R Tc � T0ð Þ½ �

1� erf R
2a

ffiffi
t

p
� �

� 2a
ffiffi
t

p

R
ffiffiffi
�

p exp � R2

4a2t


 �
� 1

� �� �

where

a2 ¼ �=c�

where � is the thermal conductivity. In this expression, the thermal diffusion time is
R/2a. The ratio of this time R/2a relative to the pulse time t that determines the nature
of the denominator.

2.2.6 Dwyer–Franklin–Campbell Model

Dwyer, Franklin and Campbell [10] developed a physical thermal model of a planar
device accounting for the three-dimensional nature of the structure. In many semicon-
ductor devices, the scale length of the three physical dimensions are significantly
different due to the significant difference in the scaling of structures in the horizontal
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and vertical directions. Dwyer, Franklin and Campbell developed a model based on first
principles, using a Green’s function methodology where the solution was not a function
of a specific power profile. The heat transfer equation is expressed as

@T

@t
�Dr2T ¼ q tð Þ

�Cp

where D¼ k/�Cp. In the DFC model, it was assumed that the rate of heating inside the
volume is constant and zero outside. For a constant output power, P0, in volume D this
can be put into a Poisson equation form,

r2T ¼ � P0

D�Cp�

The general three dimensional solution of the Poisson equation can be expressed as

T rð Þ ¼ T0 þ
P0

K�

Z
dr0

4� r� r0j j

The Green’s function solution to the heat equation is the response from a Dirac delta
function which is a function of space and time. The expression is

@G

@t
�Dr2G ¼ 
 r� r0ð Þ
 t� �ð Þ

The Green’s function solution is the three-dimensional Gaussian expression

G r; r0; t; �ð Þ ¼ G r� r0; t� �ð Þ ¼ 1

4�D t� �ð Þ½ �3=2
exp �

r� r 0½ �2

4D t� �ð Þ

( )

Solving for temperature at position r, and time t,

T r; tð Þ ¼ T0 þ
ZZ

P �ð ÞGðr� r0; t� �Þdr0d�

The integrals can be separated and expressed as

T r; tð Þ ¼ T0 þ
Z t

0

P �ð Þ
�Cp�

d�

Z
�

dr0

4�D t� �ð Þ½ �3=2
exp � r� r0ð Þ2

4D t� �ð Þ

( )

This expression can be expressed in terms of the complementary error function erfc(r,t).
Let

H r; tð Þ ¼ 1

4�K�

Z erfc
r�r0j j
2
ffiffiffiffi
Dt

p

� �
r� r0j j dr0
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then we can express the temperature–power relationship as

T r; tð Þ ¼ T0 þ
Z t

0

P �ð Þ d

d t� �ð ÞH r; t� �ð Þd�

The above relationship is the Duhamel formula.
From this expression, if the pulse power is independent of time, then the power term

can be removed from the integral expression, and

T r; tð Þ ¼ T0 þ P0

Z �¼t

�¼0

d

d t� �ð ÞH r; t� �ð Þd�

Letting w¼ t� � , the integral can be transformed from the lower limit of w¼ t to
upper limit of w¼ 0, and dw¼ d (t� �)¼�d �

T r; tð Þ ¼ T0 þ P0

Z x¼0

x¼t

d

d xð ÞH r; xð Þ �dxð Þ

then

T r; tð Þ ¼ T0 þ P0

Z x¼t

x¼0

dH r; xð Þ

where

T r; tð Þ ¼ T0 þ P0H r; tð Þ

This expression relates the temperature at a position in space at time t, for a time-
independent power function.

From the limits of the function of H( r; t ), the limits at infinite time or at the spatial
origin can be evaluated.

H r; t ¼ 1ð Þ ¼ lim
t!1

1

4�K�

Z erfc
r�r0j j
2
ffiffiffiffi
Dt

p

� �
r� r0j j dr0 ¼ 1

4�K�

Z lim
t!1

erfc
r�r0j j
2
ffiffiffiffi
Dt

p

� �
r� r0j j dr0

For small x, the error function erf (x) can be expressed as

erf xð Þ ’ 2xffiffiffi
�

p x4
ffiffiffiffiffiffi
�=2

q

Then, as t approaches infinity, the complementary error function erfc (0)¼ 1, hence

H r; t ¼ 1ð Þ ¼ 1

4�K�

Z lim
t!1

erfc
r�r0j j
2
ffiffiffiffi
Dt

p

� �
r� r0j j dr0 ¼ 1

K�

Z
dr0

4� r� r0ð Þj j
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Hence, the temperature at steady state (e.g. infinite time) can be expressed as

Tss ¼ T0 þ P0Hð1Þ ¼ T0 þ
P0

K�

Z
dr0

4� r� r0j j

In the DFC model (Figure 2.5), the objective was to provide a solution associated with a
Green’s function more representative of the geometry associated with semiconductor
devices. For a three-dimensional representation, a parallelepiped is formed in the three
physical dimensions with characteristic lengths of a, b, and c. A Green’s function is
defined at the symmetrical center which represents the one-dimensional solution for a
constant heat source at position x within dimension a.

G x; a; �ð Þ ¼ 1

2
erf

a
2
þ x

2
ffiffiffiffiffiffiffi
D�

p
 !

þ erf

a
2
� x

2
ffiffiffiffiffiffiffi
D�

p
 ! !

In this case, the Green’s function is represented by the error function erf (x)

erf xð Þ ¼ 2ffiffiffi
�

p
Z x

0

exp �t2
� �

dt

Using the constant power pulse form, where the power is outside the integral
expression, we can express the temperature at position r as the product of the three
Green’s functions. Hence a general expression inside the parallelepiped is

T r; tð Þ ¼ T0 þ
P0

�Cp�

Z t

0

G x; a; �ð ÞG y; b; �ð ÞG z; c; �ð Þd�

Assuming the peak temperature is at the center of the defect region, we can solve for
the geometric center as

T 0; tð Þ ¼ T0 þ
P0

�Cp�

Z t

0

G x ¼ 0; a; �ð ÞG y ¼ 0; b; �ð ÞG z ¼ 0; c; �ð Þd�

P = const

P = f(1/τ)

P = f (1/τ 
½)

Log Pulse Width (s)

P f
 / 

A

P = f (1/ln τ) 

Figure 2.5 Dwyer model
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Substituting into the Green’s function, the function simplifies to

G x ¼ 0; a; �ð Þ ¼ 1

2
erf

a
2

2
ffiffiffiffiffiffiffi
D�

p

 �

þ erf
a
2

2
ffiffiffiffiffiffiffi
D�

p

 �
 �

¼ erf
a

4
ffiffiffiffiffiffiffi
D�

p

 �

Hence, at the geometric center, the temperature at time t is

T 0; tð Þ ¼ T0 þ
P0

�Cp�

Z t

0

erf
a

4
ffiffiffiffiffiffiffi
D�

p

 �

erf
b

4
ffiffiffiffiffiffiffi
D�

p

 �

erf
c

4
ffiffiffiffiffiffiffi
D�

p

 �

d�

The error functions can be written in dimensionless form by defining the thermal
diffusion times. In the DFC model, the three thermal diffusion times were defined as

ta ¼
a2

4�D

tb ¼
b2

4�D

tc ¼
c2

4�D

In this form, the center temperature can be represented as the ratio of the thermal
diffusion times to the characteristic time.

T 0; tð Þ ¼ T0 þ
P0

�Cp�

Z t

0

erf

ffiffiffi
�

p

2

ffiffiffiffi
ta

�

r !
erf

ffiffiffi
�

p

2

ffiffiffiffi
tb

�

r !
erf

ffiffiffi
�

p

2

ffiffiffiffi
tc

�

r !
d�

If the time t is the failure time at which the temperature reaches failure temperatures
at the origin, we can express the power to failure as

Pf ¼
�Cp� T 0; tð Þ � T0ð ÞR t¼tf

0 erf
ffiffi
�

p

2

ffiffiffi
ta
�

q� 	
erf

ffiffi
�

p

2

ffiffiffi
tb
�

q� 	
erf

ffiffi
�

p

2

ffiffiffi
tc
�

q� 	
d�

To evaluate the limits of the error function, it can be expanded in series form.

erf xð Þ ¼ 2ffiffiffi
�

p
Z x

0

exp �t2
� �

dt ¼ 2ffiffiffi
�

p
Z x

0

1� t2 þ t4

2!
� t6

3!
þ . . .


 �
dt

Completing the integration over the series expansion

erf xð Þ ¼ 2ffiffiffi
�

p
Z x

0

exp �t2
� �

dt ¼ 2ffiffiffi
�

p x� x3

3
þ x5

5ð2!Þ �
x7

7ð3!Þ þ � � �

 �
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As x is small

erf xð Þ ¼ 2ffiffiffi
�

p
Z x

0

exp �t2
� �

dt ’ 2xffiffiffi
�

p x4
ffiffiffi
�

p �
2

and

erf xð Þ ¼ 2ffiffiffi
�

p
Z x

0

exp �t2
� �

dt ’ 1 x5
ffiffiffi
�

p �
2

Hence for the terms in the power expression, the error functions are dependent on the
relationship between the thermal diffusion coefficients and the characteristic time.

For the three dimensions, assume an ordering of the dimensions where c< b< a,
leading to the thermal diffusion coefficient ordering of tc< tb< ta. Hence the first time
regime of interest is the time from t¼ 0 to t¼ tc. In the temperature integral equation,
for this time regime, the three error functions equal unity since the time is shorter than
the thermal diffusion time of the three expressions. As a result

T 0; tð Þ ¼ T0 þ
P0

�Cpabc

Z t

0

d�

If the failure occurs in this time frame, the power is equal to the power to failure and
failure at the peak temperature position is

Pf ¼
�Cp� T 0; t ¼ tcð Þ � T0ð Þ

tf

For times between tc and tb the expression for the error function for the z-direction is
estimated as the first term in the power series expression, while the x- and y-direction
error functions remain at a value of unity. Hence we can express this as

Pf ¼
�Cp� T 0; tð Þ � T0ð ÞR t¼tf
0 erf

ffiffiffi
�

p
2

ffiffiffiffi
tc
�

q
 �
d�

¼ �Cp� T 0; tð Þ � T0ð ÞR tc
0 erf

ffiffiffi
�

p
2

ffiffiffiffi
tc
�

q
 �
d�þ

R t¼tf
tc

erf

ffiffiffi
�

p
2

ffiffiffiffi
tc
�

q
 �
d�

As was shown in the previous development

Pf ¼
�Cp� T 0; tð Þ � T0ð ÞR t¼tf
0 erf

ffiffiffi
�

p
2

ffiffiffiffi
tc
�

q
 �
d�

ffi �Cp� T 0; tð Þ � T0ð ÞR tC
0 d�þ

R t¼tf
tC

erf

ffiffiffi
�

p
2

ffiffiffiffi
tc
�

q
 �
d�
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Substituting the approximation for the error function,

Z t

tc

erf

ffiffiffi
�

p

2

ffiffiffiffi
tc

�

r !
d� ’

Z t

tc

d�
2ffiffiffi
�

p
ffiffiffi
�

p

2

ffiffiffiffi
tc

�

r( )

¼
ffiffiffiffi
tc

p Z t

tc

d� ��1=2
n o

¼ 2
ffiffiffiffi
tc

p ffiffiffi
�

p� �t
tc
¼ 2

ffiffiffiffiffiffi
tc�

p
� tc


 �

Pf ¼
ab

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�K�Cp


 �q
Tc � T0ð Þffiffiffiffi

tf
p � ffiffiffiffi

tc
p �

2

Pf ¼
MCp Tc � T0ð Þ

tf

Pf ¼
ab

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�K�Cp


 �
Tc � T0ð Þ

q
ffiffiffiffi
tf

p � ffiffiffiffi
tc

p
=2

Pf ¼
4�Ka Tc � T0ð Þ

ln tf=tbð Þ þ 2� c=b

 �

Pf ¼
2�Ka Tc � T0ð Þ

ln
a
b

� 	
þ 2� c

2b
�

ffiffiffiffi
ta
tf

q

2.2.7 Greve Model

Polysilicon resistor elements are used in circuit networks as resistor elements and fuses.
Polysilicon resistors are used for receiver networks in series with MOSFET gates, RC-
triggered MOSFET power clamps, and grounded gate NMOS (GGNMOS) networks.
For a polysilicon fuse, it is critical to provide a model to understand the conditions for
programming current for resistive change or establishing an open circuit.

Greves proposed a polysilicon fuse model [11]. In the fuse structure, a polysilicon
structure of thickness dp is placed on a oxide film of thickness dox. Based on Greves’s
experimental work, below the critical power Pcrit, it was observed that the resistance of
the polysilicon device did not undergo significant changes in the series resistance. A
small decrease in resistance attributed solid phase annealing from the pulse was
observed. For pulse power above the critical power condition Pcrit, a low resistance
state was observed in the polysilicon elements. Under this condition, the polysilicon
resistance increases as a result of polysilicon material transport prior to an ‘open’ occur
in the film. Greves attributed the low resistance state to filamentary conduction and the
transition to a molten state. Greves observed that the estimated fuse temperature was
approximately the silicon melting temperature, as well as a model assuming filamentary
conduction. Additionally, observation of the molten state was evident. It is postulated
that the region of the fuse that achieves the peak temperature is the starting location of
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the molten filament. As the temperature increases, current crowding occurs in the
filamentary area of the polysilicon film. As the current crowding occurs in the physical
region, the size of the filament expands in physical area and distributes in two dimen-
sions, toward the edges of the film and toward the contacts.

Assuming a polysilicon resistor element of thickness dp and width w on an oxide film
of thickness dox. Assuming a filament of width 
, a molten silicon region is in parallel
with a second nonmolten region of width w� 
. The peak temperature across the width
is at the symmetric center. The temperature cross section in the polysilicon resistor is
such that the temperature between the center and width 
/2 is above the melting
temperature (e.g., T>Tm for 
/2< x<(wþ 
)/2)).

From the heat equation, it can be shown that the relationship between the applied
voltage and the filament can be evaluated as

V 
ð Þ ¼ l2goxTm

�dpdox

1� F 
ð Þ
F� � F 
ð Þ

� �

F 
ð Þ ¼ tanh � 
 � wð Þ=2f g
tanh �
=2f g

and

� ¼ rsigox

dpdox

� �1=2

2.2.8 Negative Differential Resistance Model

Electrothermal instability can occur in a structure that undergoes a negative resistance
state. Assuming a one-dimensional structure, we can calculate a resistor as a summation
of incremental resistor elements or integral form

R ¼
Xi¼n

i¼1

Ri�x ¼
Z L

0

R xð Þdx

From this expression, for a constant film thickness t and width w, a sheet resistance can
be defined

�sh ¼ �

tfilm

then

R ¼
Z x¼L

x¼0

�sh x;Tð Þ
W

dx
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Let the sheet resistance be a function of the position and local temperature T. Taking
the derivative of the resistance

dR

dt
¼ d

dt

Z x¼L

x¼0

�sh x;Tð Þ
W

dx

Since the derivative in time is independent of the integration, the derivative and the
integral can be interchanged, with

dR

dt
¼ 1

W

Z x¼L

x¼0

d

dt
�sh x;Tð Þdx

From the total differential

d�sh x;Tð Þ ¼ @�

@T
dT þ @�

@x
dx

and

d�sh x;Tð Þ
dt

¼ @�

@T

dT

dt
þ @�

@x

dx

dt

Since dx/dt¼ 0, the second term in the expression is zero, leaving the expression as

dR

dt
¼ 1

W

Z x¼L

x¼0

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dx

Negative differential resistance (NDR) instability is present if the following expression
is less than zero. The system is metastable at a value of zero.

dR

dt
¼ 1

W

Z x¼L

x¼0

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dx40

From this development, it is also clear that the system is stable if

dR

dt
¼ 1

W

Z x¼L

x¼0

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dx50

Let us assume that a segment of the resistance from x¼L1 to x¼L satsifies the
condition

dR

dt
¼ 1

W

Z x¼L

x¼L1

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dx40
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Then, if

dR

dt
¼ 1

W

Z x¼L1

x¼0

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dxþ 1

W

Z x¼L

x¼L1

@

@T
�sh x;Tð Þ @T x;Tð Þ

@t
dx50

then the region from resistor from x¼ 0 to x¼L1 has stabilized the negative differential
resistance. If this condition is true for all times, then the first integral expression serves
as the resistor ballasting condition for achieving stability.

2.2.9 Ash Model

M. Ash revisited the models proposed by Wunsch and Bell, realizing that the material
properties varied significantly with temperature and yet the early models did not assume
temperature-dependent coefficients [7]. In the Wunsch–Bell model, the derivation
assumes the thermal conductivity and density-specific heat product is a constant. The
model assumes a one-dimensional thermal diffusion equation with constant coefficients.
The boundary conditions also assume a semi-infinite medium with the junction on a
single face of the medium. Ash used the Kirchoff and Boltzmann transformations to
solve the nonlinear power to failure solution of the heat equation.

Thermal conductivity, density and specific heat are all temperature dependent in
semiconductor materials such as silicon, germanium, and gallium arsenide. Let us
assume that the properties are not constant.

The heat equation can be expressed as a one-dimensional temperature-dependent
thermal conductivity K(T) and temperature-dependent density – specific heat product,

@

@x
� Tð Þ @T

@x


 �
¼ �cp Tð Þ @T

@t

By transformation of variables, let us define a spatial and time temperature Q(x,t)

Q x; tð Þ ¼
Z T

T0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K T 0ð Þ�Cp T 0ð Þ

p
dT 0

and the transformation of the position as

� xð Þ ¼
Z x

0

ffiffiffiffiffiffiffiffi
�Cp

K

r
dx0

Ash showed that this leads to a transformation of

ln & ¼ �CQ �; tð Þ

Q � x; tð Þ; tð Þ ¼ Q x; tð Þ
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with boundary conditions of

& �; 0ð Þ ¼ 1

& 1; tð Þ ¼ 1

and the transformed differential equation as

@2

@2�
& ¼ @

@T
& þ CP0

A

@

@�
&

where

@
@� & 0; tð Þ
& 0; tð Þ ¼ CP0

A

In order for the system of equations to be valid, the thermal conductivity and the
specific heat – density product has to satisfy a first order ordinary differential equation

d

dT
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp=K

q
¼ C

ffiffiffiffiffiffiffiffiffiffiffiffi
�CpK

p
This first-order differential equation can be expressed as an integral solution

�Cp

K


 �
¼ C a0 þ

Z T

T0

�Cp T 0ð ÞdT 0

 �

A general formulation can be established with an arbitrary function of the form

KðTÞ ¼ K0gðTÞ exp �C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp


 �
0
K0

q Z T

T0

gðT 0ÞdT 0
� �

�CpðTÞ ¼ �Cp


 �
0
gðTÞ exp þC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp


 �
K

q Z T

T0

gðT 0ÞdT 0
� �

Substituting this into the first-order differential equation,

d

dT
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp=K

q
¼ C

ffiffiffiffiffiffiffiffiffiffiffiffi
�CpK

p

Substituting in the general expression

d

dT
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp=K

q
¼ d

dT
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp


 �
0
gðTÞ expf�C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cpð Þ0

p R T
T0
gðT 0ÞdT 0g

K0gðTÞ expfC
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cpð Þ0

p R T
T0
gðT 0ÞdT 0g

vuut

76 ELECTROTHERMAL METHODS AND ESD MODELS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH002.3D – 77 – [37–82/46] 6.8.2004 10:15AM

and

C
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�CpK

p
¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp


 �
0
gðTÞ expf�C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K0 �Cp


 �
0

q Z T

T0

gðT 0ÞdT 0g
� �s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K0gðTÞ expfC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K0 �Cp


 �
0

q Z T

T0

gðT 0ÞdT 0gg

s

where

C
ffiffiffiffiffiffiffiffiffiffiffiffi
�CpK

p
¼ Cg Tð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
K�Cp

p
The function g(T) is arbitrary, but must normalize to g(T0)¼ 1.

The differential equation can be rearranged such that the left-hand side equals a
constant.

1ffiffiffiffiffiffiffiffiffiffiffiffi
�CpK

p d

dT
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Cp=K

q
¼ C

Functions that demonstrate this relationship will be solutions to the general equation
with the variable coefficients. Ash showed that for many materials such as silicon,
germanium and gallium arsenide, the relationship is valid over a wide temperature
range. The mystery that Ash was concerned with was although the nonlinearity was
not addressed, the experimental data fit the Wunsch–Bell model. Part of the reason was
that the nature of the materials that were used for the Wunsch–Bell model satisfied the
Ash relationships.

2.2.10 Statistical Models

Prediction of ESD results is a function of the statistical variations of the structure as
well as the statistical variations of the pulse event [12–15]. Statistics of failure are
important in order to predict failure in a real environment.

The statistical variation of a nanostructure device is dependent on the variations of
the geometrical dimensions, and doping concentrations. In a semiconductor device, the
variations of the geometrical dimensions are dependent on the photolithography, etch
process, implant, and diffusion processes. In these processes, random as well as sys-
tematic effects exist. There are microscopic and macroscopic variations leading to both
‘local’ and ‘global’ changes.

Additionally, the macroscopic global variations are on a higher scale associated with
manufacturing process variations. Manufacturing process variations can consist of
within wafer die-to-die, wafer-to-wafer, lot-to-lot, and semiconductor fabricator site-
to-site. These variations can be caused by process variations within a semiconductor
tool, tool-to-tool, as well as incoming wafers. It is also not uncommon that multiple
suppliers produce a given semiconductor chip or product by completely different
semiconductor processes.
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Statistical variations also exist in the simulated ESD testers. The electrical discharge
imposed on the semiconductor chips have both voltage and current variations in the
electrical discharge applied.

In the early development of semiconductors, it was important for applications to be
able to provide good prediction of failure. The relationship between ESD failures and
the statistics of failure were investigated by Brown [12], Enlow [13], Alexander [14], and
Pierce and Mason [15]. Statistical methods were developed which utilized the physics of
failure models combined with variation assumptions in the semiconductor industry.

If we define a variable which is the ratio of the mean failure power <Pf> and the
sample standard deviation Sp, for N discrete elements

� ¼ < Pf >

Sp

where we define

Sp ¼
1

N � 1

XN
i¼1

Pf i � Pfh if g2
" #1=2

Assuming a lognormal distribution we can express a probability distribution function as

f�ð�Þ ¼
1ffiffiffiffiffiffi

2�
p

Sp
exp �1=2

ln�� Pf

� �
Sp

� �
2

� �

Letting � be a random variable, we can express a cumulative distribution function as

Pr � > �Nf g ¼
Z 1

�N

f� �ð Þd�

The proper interpretation of this equation is that N% of the values of variable � are
greater than the parameter �N as stated by Pierce and Mason [15]. To use the Pierce–
Mason development (Figure 2.6), for a fixed value of device N, we obtain the variable
�N. Since the mean power to failure is known, the standard deviation is calculated as

Sp ¼ < Pf >

�N

As noted by Pierce and Mason, these results imply that, given the value for the variable
�N, the standard deviation of the threshold distribution is bounded by a linear function
of the mean power to failure.

As an application of the statistics, Enlow showed that a linear relationship exists
between the logarithm of the standard deviation Sp and the logarithm of the mean
power to failure <Pf>.
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Assuming a Wunsch–Bell failure dependence in the thermal diffusion regime, let us
state this by lumping all the physical parameters in the constant K, and representing the
relation as

Pf ¼
K
ffiffiffiffiffi
�p

p

Assuming the statistical variations are associated with the processing variations
associated with area 
, we denote these as mean variation <
> and standard deviation
S
, and then

Pfh i ¼ Kffiffiffiffiffi
�p

p 
h i

and

Sp ¼
Kffiffiffiffiffi
�p

p S


and hence by substitution, we obtain the relationship

Sp ¼ Pfh iS




To address the case where the location of the failure is not known, a random variable
can be defined. Pierce andMason defined a new random variable which is the ratio of the
analytically estimated mean failure threshold and the measured mean failure threshold.

� ¼ Pch i
Pfh i

Figure 2.6 Pierce–Mason statistical model
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A probability distribution function can be defined as a two-parameter distribution
where

fPf
¼ fPf

ðPf ; Pfh i;SpÞ

Substituting in the definitions from the Pierce–Mason model, a distribution function
can be defined such that a device of failure power Pf can survive a pulse of power Pf

0

Pr Pf > Pf 0f g ¼
Z 1

Pf 0

fPf
Pf ; Pch i=�; Pch i=��ð ÞdPf

Statistical methods are of value for building high-reliability systems where ESD
failures are unacceptable. Whereas these statistical methods were used in the early
1970s and 1980s to address ESD reliability and prediction, the solutions to addressing
ESD concerns were not typically statistical in nature in the 1980s and 1990s. In the
1990s, and recent times, the ESD solution has addressed this by designing products to
higher ESD levels to reduce ESD risks. On-chip protection that addresses all the
mechanisms by increasing the ESD margins between events and environment has been
an effective solution since the 1990s. With the increasing difficulty of building semi-
conductors, as well as the distribution of their assembly on a global level, controlling all
factors is more difficult. As devices are scaled, the margin between the sensitivity of the
product and the events will be reduced, leading to a reinstitution of the statistical
methods and product risk assessments.

The next chapter will focus on semiconductor devices, dealing with only certain areas
and devices of interest. The devices include diodes, resistors, bipolar transistors, silicon-
controlled rectifiers, and MOSFET high-current, high-voltage and high-temperature
effects. The chapter will address leakage phenomenon from thermal models, trap-to-
band models, band-to-band tunneling models which are important for understanding
leakage and becomes more critical as oxides are scaled to smaller dimensions. For
resistor elements, the focus will be on velocity saturation effects. For bipolar transistors,
we will discuss limitations such as the Johnson Limit, Kirk effect and basic models. For
the silicon-controlled rectifier, the focus will be on the criteria for triggering for different
cases, and the general tetrode model. Holding current formulations will also be dis-
cussed. For MOSFETs, the focus will be on MOSFET current constriction, avalanche
phenomenon, parasitic bipolar, and MOSFET gate-induced drain leakage phenomena.

PROBLEMS

2.1 Assuming a Wunsch–Bell form of the power to failure in the thermal diffusion
regime, an ideal current source, an input power of an element with a breakdown
voltage and a series resistance

Pf ¼
Kffiffiffiffi
tp

p
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and

Z t

0

P �ð Þ
2
ffiffiffiffiffiffiffiffiffiffiffi
t� �

p d�5K

I tð Þ ¼ I0e
�t=�

P tð Þ ¼ I tð ÞVBD þ I2 tð ÞRs

derive the following inequality

I0VBD

ffiffi
t

p
D

ffiffiffiffiffi
t=�

q
 �
þ I0

2Rs

ffiffiffiffiffiffi
�=2

q
D

ffiffiffiffiffiffiffiffi
2t=�

q
 �
5K

where D(x) is the Dawson integral

D xð Þ ¼ e�x2
Z x

0

ey2dy

2.2 Given the power to failure from the Wunsch–Bell thermal model, and the max-
imum power expression of the Johnson limit, derive the dimensionless group of the
power to failure normalized to the maximum power of the Johnson Limit. What
other dimensionless groups and time constants are contained within the expres-
sion? What physical processes are competing?
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3 Semiconductor Devices and
ESD

In this chapter, we discuss basic semiconductor components and ESD phenomena. The
chapter will first address semiconductor equations. This is followed by analysis of
diodes, bipolar transistors, silicon-controlled rectifiers, resistors and MOSFETs. Since
the literature is filled with the discussion on semiconductors, we will address the high-
current effects, and high-electric-field issues that are concerns in ESD analysis. The
chapter will focus on thermal effects as well.

3.1 DEVICE PHYSICS

For the electrothermal physics of semiconductors, the fundamental equations of semi-
conductors and corresponding constitutive relationships must be solved in order to
evaluate the electron and hole concentrations, the current densities and local tempera-
ture [1–7]. A fully coupled methodology solves for the carrier density properties and
temperature in the fundamental set of equations [1]. In this fashion, the electrical
potential, carrier densities and temperature can be solved for self-consistently. In the
formulation below, one temperature of the system is assumed locally. This assumption
inherently requires that the electron, hole and lattice temperature are equal
ðT ¼ Te ¼ Th ¼ TlatticeÞ.

The fundamental equations in an electroquasistatic (EQS) formulation includes the
Poisson equation for semiconductors,

r � ð"r Þ ¼ �qðp� nþND þNAÞ

where " is the dielectric constant, p is the hole concentration, n is the electron concen-
tration, ND is the donor concentration, and NA is the acceptor concentration. The
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current continuity equations for the electron and the hole concentration can be
expressed as

@n

@t
� 1

q
r � Jn ¼ �R

@p

@t
þ 1

q
r � Jp ¼ �R

The conservation of energy (or heat energy continuity) can be expressed as

C
@T

@t
þr � JQ ¼ H

From this form, the constitutive relationships for electron current, hole current and
heat energy flux can be established. The constitutive relationship for electrons contains
an electron drift term, and an electron diffusion term when the temperature of the
system is constant. An additional current drive term is present when there is a gradient
in the temperature.

Jn ¼ q�nn E þ kT=q

n
rnþ 5

2T

kT

q
rT

� �

The hole constitutive relationship of drift–diffusion is

Jp ¼ q�pp E � kT=q

p
rp� 5

2T

kT

q
rT

� �

and heat energy flow is

JQ ¼ �KðTÞrT

where the thermal conductivity, K is temperature dependent.
In the heat equation, the heat generation in the medium is a function of the Joule

heating, the Thomson heat and the recombination heat generation.
The Joule heating can be expressed as the sum of the electron Joule heating and the

hole Joule heating terms

E ¼ Jn
2

�n
þ Jp

2

�p

The Thomson heat generation term is associated with the thermoelectric power for
electrons and holes

E ¼ TfrPn � Jn �rPp � Jpg
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The recombination heat energy can be expressed as

E ¼ qR½�p � �n þ TðPp þ PnÞ�

3.1.1 Nonisothermal Simulation

For very short ESD pulse widths and very fast rise times, the assumption that the
electron temperature, hole temperature and lattice temperature are equal may not be
valid in the high-current, high-field regions [1,6]. For a general analysis, the constraint
of electron temperature, hole temperature and lattice temperature are not equal. The
fundamental equations in an EQS formulation includes the Poisson equation for
semiconductors

r � ð"r Þ ¼ �qðp� nþND þNAÞ

where " is the dielectric constant, p is the hole concentration, n is the electron concen-
tration, ND is the donor concentration, and NA is the acceptor concentration. The
current continuity equations for the electron and the hole concentration can be
expressed in a steady state mode as

� 1

q
r � Jn ¼ Gn � Rn

þ 1

q
r � Jp ¼ Gp � Rp

The thermal conduction equation can be expressed as

r � ðKðTLÞÞrTL ¼ J � E þ EgðR� GÞ

and the carrier energy continuity equations

r � Sn ¼ Jn � E � Bnð�Te0Þn
r � Sp ¼ Jp � E � Bpð�T 0

hÞp

From this form, three energy balance equations are created where the first equation is
associated with the heat transport conduction in the lattice. The thermal conductivity is
a function of the lattice temperature and the gradient of the lattice temperature serves as
a drive term equal to the Joule heating and the recombination–generation term of the
carriers. The carrier energy equations are a function of the electron temperature Te, and
the hole temperature Th. The carrier energy of the electrons and holes are related to the
energy which is transferred from the lattice to the carries through the electric field, and
the energy is lost through energy transfer from the carrier to the lattice via collision.

From this form, the constitutive relationships for electron and hole current can be
derived. The constitutive relationship for electrons contains an electron drift term, and

85DEVICE PHYSICS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 86 – [83–138/56] 6.8.2004 10:16AM

an electron diffusion term; an additional current drive term is present when there is a
gradient in the lattice temperature.

Jn ¼ �q�nnE þ qDnrnþ qnDn
TrT

Jp ¼ �q�ppE � qDprpþ qpDp
TrT

In this representation, the temperature is the lattice temperature. On a microscopic
level, this term can be interpreted as the local electron temperature and local hole
temperature

Jn ¼ �q�nnE þ qDnrnþ qnDn
Tr�T 0

e

Jp ¼ �q�ppE � qDprpþ qpDp
Tr�T 0

h

where we define a differential hole and electron temperature as the deviation from the
lattice temperature

�Te ¼ TL � Tej j

and

�Th ¼ TL � Thj j

The electron and hole concentrations can then be expressed as a function of the quasi-
Fermi potential and the respective temperatures as

n ¼ ni�n exp q 
�
KBTe

� �
p ¼ ni�p exp �q 

�
KBTh

� �
and the potentials can be expressed as a function of the quasi-Fermi levels as is used in
isothermal conditions.

�n ¼ exp �q’n

�
KBTe

� �
�p ¼ exp q’p

�
KBTh

� �
From the carrier energy continuity equations, the energy loss rate can be expressed as

a function of the electron energy relaxation time, and hole energy relaxation time.

Bn �T
0
e

� �
¼ 3

2

KBT
0
e

�we

Bp �T
0
h

� �
¼ 3

2

KBT
0
h

�wh

To evaluate the ESD robustness of a technology, it is important to understand
semiconductor device elements which are used in integrated electronics. To cover all
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aspects of the devices in detail would be too exhaustive. In this section, we will focus
on some fundamentals, nonlinear behavior, high-electric-field response, and self-
heating effects.

3.2 DIODES

Diodes have been a very important electrostatic discharge (ESD) element in the past, as
well as remaining an important ESD element in future technologies [8–16]. Diodes have
the advantage of low capacitance, and are scalable. Diodes have been able to evolve with
the development of NMOS, CMOS, and BiCMOS technology. Diode designs have
migrated from CMOS to silicon-on-insulator (SOI) and radio-frequency applications with
continued usage in the future [17–21]. As opposed to MOSFET-based ESD networks,
diodes do not have gate oxide films sensitive to dielectric failure, from human body model
(HBM) to charged device model (CDM) failures. As a result, it is important to fully
understand diode process sensitivities, design, and operation. In this chapter, we will
discuss the forward-bias and reverse-bias condition. The forward-bias condition is import-
ant to understand the ability to use the diode as a current discharge element in a forward-
bias mode of operation. The reverse-bias condition is important to understand the leakage
mechanisms which have a role in the initial bias condition and failure mechanisms.

Figure 3.1 is an example of an ESD double-diode network. This uses a pþ=n-well
diode for positive ESD pulses and an n-well-to-substrate diode for negative ESD pulses.

3.2.1 Diode Equation

The diode current equation can be obtained by evaluation of the total current through a
p–n metallurgical junction. The current flowing through the diode is expressed as a

Figure 3.1 Diode-based ESD network
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function of the excess minority electron and hole populations at the p–n metallurgical
junction.

I ¼ qA
Dp

Lp
�pn þ

Dn

Ln
�np

� 	

where

�pn ¼ p0n � pn0

�np ¼ n0p � np0

Under high-level injection [21,22], the excess minority-carrier populations can be
expressed as

�pn ¼
pn eVj=kT � 1

 �

1þ nn

pp
eq Vj��ið Þ=kT

� �
1� e2q Vj��ið Þ=kT

�np ¼
np eVj=kT � 1

 �

1þ pp

nn
eq Vj��ið Þ=kT

� �

1� e2q Vj��ið Þ=kT

 �

From this expression, the diode current equation in high-level injection can be expressed as

I ¼ Is

eVj
�
kT � 1

� �

1þ �eqðVj � �iÞ=kT

�
1� e2qðVj��iÞ=kT

where

Is ¼ qA
Dp

Lp
pn0 þ

Dn

Ln
np0

� 	

and for a pþ=n diode

� ¼ Na

Nd

and for an nþ=p diode

� ¼ Nd

Na

This expression reduces to the ideal diode case when the excess minority-carrier injection
is small compared with the doping concentrations. The ideal diode model is expressed as

I ¼ Is exp
qVj

kT

� �
� 1

� 	

where I is the diode current, and Is is the reverse saturation current.
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In these developments, it assumed that the anode and cathode resistance are
negligible. During the ESD event, the anode resistance and the cathode resistance
play a key role in the operation of the diode as an ESD element. In a pþ =n-well
diode structure, the anode resistance is a function of the contact resistance, silicide
film, and the pþ diode implant resistance. The design of the contacts, and the silicide
film play a key role in the forward-bias operation and the current density distribution
of the diode structure. The cathode resistance (e.g. the n-well region) is a function of
the implant profile, the dose, and width of the physical well structure. Figure 3.2 is
an example of the current-voltage (I–V) characteristic of a diode structure at low and
high current.

3.2.1.1 Diode resistance

Diode resistance is critical in the understanding of the operation of a diode element
during electrostatic discharge events.

On the anode, the resistance can be expressed as

Ranode ¼ RM þ RC þ RSalð Þeffþ Rdð Þeff

where the anode resistance is the resistance of the interconnect, the contact, the salicide
film, and the anode implant. For the silicide film, the material, area coverage and design
of the silicide formed on the junction can alter the effectiveness of the silicide as well as
the diffusion area on the ESD protection.

Rcathode ¼ RM þ RC þ RSalð Þeffþ Rdð ÞeffþRwell

Equivalently, for the cathode, the cathode resistance is the sum of the resistances in
series as well as the well resistance. For the cathode, typically the well resistance is the
largest component of resistance which influences the ESD results.

C
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nt

  (
m

A
)

Voltage (V)

Diode Linear Region

Diode Saturation
Region

Figure 3.2 Diode current–voltage (I–V) characteristic
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From the diode equation, we can express the voltage across the diode as the sum of
the voltage drops across the series resistance and the voltage drop across the metallur-
gical junction

ID ¼ Is exp
qVD �

P
IDRi

kT

� �
� 1

� 	

where summation is over the voltage drops across the series resistances.
The resistance can also be obtained from the derivative of the voltage with respect to

current [22].

dVD

dID
¼ dðVJ þ VRÞ

dID
¼ dVJ

dID
þRd

Solving for the resistance

Rd ¼
dVD

dID
� dVJ

dID

From the high-level injection relationship

ID ¼ Is exp
qVJ

2kT

� �

and

dVJ

dID
¼ 2kT

q

1

ID

Substituting these expression, we can solve for the diode series resistance term as

Rd ¼
dVD

dID
� 2kT

q

1

ID

3.2.1.2 Self-heating

Diodes undergo both high-level injection and self-heating during an ESD event. This
causes the temperature to increase, modulating the diode response. By modification of the
diode high-level injection equation during an ESD event, we can calculate the current. In
this development, it is assumed that the heating is expressed as the change the junction
temperature with time, and that the minority-carrier diffusion is significantly faster than
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the rise in temperature. The diode current equation in high-level injection can be
expressed as

I ¼ Is

eVj
�
kT � 1

� �
1þ �eqðVj��iÞ

�
kT

� �

1� e2qðVj��iÞ
�
kT

where

Is ¼ qA
Dp

Lp
pn0 þ

Dn

Ln
np0

� 	

and for a pþ=n diode

� ¼ Na

Nd

and for a nþ=p diode

� ¼ Nd

Na

Let the junction temperature rise be equal to the product of the thermal impedance
and the input power.

TJ ¼ �THPD

The power consumption can be estimated as the power consumption in the diode
region,

PD ¼ IDVD

Hence,

TJ ¼ �THðIDVDÞ

where the solution for the diode equation due to high-level injection and self-heating is
solved for by correcting the temperature term by the temperature increase. Physical
models for the thermal resistance are obtained from the evaluation of the substrate
thermal resistance for the diode structure.

Figure 3.3 is an atomic force microscope mapping of a shallow trench isolation (STI)
pþ=n-well diode. The insulating films were removed to observe the silicon interface.
Due to the self heating, the insulating region between the pþ and nþ regions melted,
leaving behind molten silicon region between the two diffusion regions.

Figure 3.4 shows an atomic force microscope mapping of a pþ diode region in
the contact region. The self-heating in the diode structure was significant, leading to the
transformation of the silicide region, and melting of the silicon on the surface of
the diode structure.
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3.2.2 Recombination and Generation Mechanisms

3.2.2.1 Shockley–read–hall model

Understanding of leakage mechanisms in semiconductor devices is important for ESD
because leakage is used to determine ESD failure. In the analysis of wafer level ESD
testing, or product level, typically only the terminal electrode information is available.
The onset of ESD failure is usually determined by semiconductor device electrical
parametric shifts. These shifts manifest themselves in changes of the leakage current,
resistance shifts, or turn-on voltages.

At low electric fields, leakage current can be explained by the Shockley–Read–Hall
(SRH) model [23–25]. The SRH model, in its simplest form, assumes a single trap state
energy in the silicon bandgap. These trap states are spatially localized forming
independent trap states for carrier capture and of a uniform density. For conduction

Figure 3.3 Atomic force microscope (AFM) image of diode ESD failure highlighting the pþ=nþ

and shallow trench isolation region

92 SEMICONDUCTOR DEVICES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 93 – [83–138/56] 6.8.2004 10:16AM

band-to-trap transitions, there exists two processes which are inverse processes. The first
process is electron capture, and its inverse process is electron emission. For the valence
band-to-trap state transitions, the same is true for holes. The capture rate for electrons is

r1 ¼ n½Ntð1� f ðEtÞÞ�vth�n

where n is the number of electrons, Nt is the trap density, f ðEtÞ is the Fermi–Dirac
distribution, vth is the thermal velocity, and the electron capture cross-section is �. The
emission rate is

r2 ¼ n½Ntðf ðEtÞÞ�en

For holes, the capture rate is

r3 ¼ p½Ntðf ðEtÞÞ�vth�p

and the hole emission rate is

r4 ¼ ½Ntð1� f ðEtÞÞ�ep

Figure 3.4 Atomic force microscope (AFM) image of diode ESD failure highlighting the pþ

diode implant device surface

93DIODES



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 94 – [83–138/56] 6.8.2004 10:16AM

These four processes are inherently coupled through the carrier density in the con-
duction and valence bands. When the system is in equilibrium, the electron capture
process is equal to the electron emission process under the thermodynamic law of
detailed balance. When the system is not in equilibrium, the capture and emission rates
do not balance, leading to a net generation rate.

Let the net generation rate be equal to the difference between the emission rate and
the capture rate of the electrons. This is also equal to the difference between the hole
emission and capture rate. In order to solve for the generation rate we must eliminate
the Fermi–Dirac probability distribution function and substitution into the generation
rate formula. The SRH generation rate for a single trap population can be expressed as

U ¼
pn� n2i
� �

�nðpþ p1Þ þ �pðnþ n1Þ

where

�n ¼
1

Ntvth�n

and

�p ¼
1

Ntvth�p

and

n1 ¼ ni exp
Et � Ei

kT

� �

p1 ¼ ni exp
Ei � Et

kT

� �

3.2.2.2 High-level injection and recombination time constants

Understanding of generation and recombination mechanisms in heavily doped semi-
conductors are important in ESD and latchup. Generation and recombination mechan-
isms in heavily doped n-wells, p-wells, sub-collectors, buried layers, and other device
regions is important because of the role these regions play in reduction of minority-
carrier injection into substrates and the role they play as high current instabilities.

Recombination and generation physics is a function of the probability of interaction
with a carrier population [23,26–28]. We can in general expand a recombination function
where recombination is a function of the electron and hole population where the rate is
a coefficient. Let

RðTÞ ¼ a00ðTÞ þ a10nþ b01pþ a11npþ b11npþ a21n
2pþ b12np

2 þ . . .
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In this expansion, the first three terms are unphysical and hence the coefficients can
be set to zero, or

RðTÞ ¼ a11npþ b11npþ a21n
2pþ b12np

2 þ . . .

According to the principle of detailed balance, each generation term will balance out
a corresponding recombination term when the system is in equilibrium. In equilib-
rium

RðTÞ ¼ a11n0p0 þ b11n0p0 þ a21n
2
0p0 þ b12n0p

2
0 þ . . . ¼ GðTÞ

hence the equilibrium generation term is

G0ðTÞ ¼ ða11 þ b11Þn0p0 þ a21n
2
0p0 þ b12n0p

2
0 þ . . .

Given a system out of equilibrium, where the electron and hole population are
perturbed,

Dp0

Dt
¼ @p0

@t
þr � Jh ¼ GðTÞ � RðTÞ

From this form, we can substitute in the electron and hole population in the form

n ¼ n0 þ n0

and

p ¼ p0 þ p0

then we can express

Dp0

Dt
¼ G0ðTÞ � RðTÞ ¼ða11 þ b11Þn0p0 þ a21n

2
0p0 þ b12n0p

2
0 � ða11 þ b11Þ

ðn0 þ n0Þðp0 þ p0Þ þ a21ðn0 þ n0Þ2ðp0 þ p0Þ þ b12ðn0 þ n0Þðp0 þ p0Þ2 þ � � �

These terms can be sorted into the coefficients and the order of the minority-carrier
injection. The first term is the linear first-order term, and the second term is the high-
level injection nonlinear term.

dp0

dt
¼ � 1

�1
þ 1

�2

� 

p0 � 1

�3

� 

p02 � 1

�4

� 

p03
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where

1

�1
¼ ða11 þ b11Þðn0 þ p0Þ

1

�2
¼ a21n

2
0 þ b12p

2
0 þ ða21 þ b12Þð2n0p0Þ

1

�3
¼ a21ð2n0 þ p0Þ þ b12ð2p0 þ n0Þ þ ða11 þ b11Þ

1

�4
¼ ða21 þ b21Þ

In this form, the terms are separated by the order of the injection phenomenon. The
first term is the term associated with low-level injection phenomenon. The second and
third terms are associated with high-level injection. In high-current ESD events, the low-
level injection assumption is not always valid.

The first time constant �1 is the time constant associated with Shockley–Read–Hall
recombination. In this form, it can be seen that the SRH time constant is linearly
proportional to the electron and hole population.

The second time constant �2 is the Auger recombination time constant. This second
time constant is part of the linear response of a semiconductor which is proportional to
the square of the doping concentration. The Auger recombination time constant is
important at high doping concentrations typically seen in heavily doped retrograde
wells, buried layers, and in sub-collectors. This is important for ESD phenomenon and
latchup. At high doping concentrations, the time constant �2 dominates over the first
time constant �1.

Hence the linear response of the system (e.g. the low-level injection assumption) is

dp0

dt
¼ � 1

�1
þ 1

�2

� 

p0

For the nonlinear response where we let � be the linear time constant

dp0

dt
¼ � 1

�

� 

p0 � 1

�3

� 

p02

where

1

�
¼ 1

�1
þ 1

�2

� 


Assuming an ESD step pulse at time t ¼ 0, an initial condition of excess minority
carriers are generated. Separating the variables in the nonlinear ordinary differential
equation, with constant coefficients

Z p0ðtÞ

p0ðt¼0Þ

dp0

p0 þ �

�3
p02

� 
 ¼ Z t0¼t

t0¼0

dt

�
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The solution to the equation, is then

p0ðtÞ ¼ p0ðt0Þ

1þ �

�3

� �
p0ðt0Þ�

� �
exp

t� t0

�

n o
� �

�3

� �
p0ðt0Þ

� 


3.2.2.3 Electric-field-enhanced leakage phenomena

In semiconductors, high internal electric fields can lead to leakage phenomena which
does not have the current and voltage characteristics of the (SRH) model [26–34]. The
SRH model assumes the internal electric field does not influence the capture and
emission cross-section. At high internal electric fields, this may not be a valid assump-
tion. The internal electric fields are a function of the doping profiles and the applied
electric fields. In an ESD event, motion of the dopants after an ESD impulse can lead to
dopant profiles which are more abrupt in the metallurgical junction region. For exam-
ple, bipolar emitter–base junctions are optimized to avoid tunneling current. Small
shifts in the dopant profiles in abrupt or hyper-abrupt metallurgical junctions can lead
to ESD failure mechanisms. Additionally, polysilicon films have leakage characteristics
which may also have non-SRH characteristics.

The SRH model can be modified to include this phenomenon, by assuming an
electric-field-enhanced electron and hole emission rate [29,30],

�nðEÞ ¼ �n0@nðEÞ

�pðEÞ ¼ �p0@pðEÞ

where the cross-sections are the product of a zero electric field term, and the electric field
enhancement factor. In this fashion, high-electric-field phenomenon can be integrated
into the SRH model statistics.

U ¼ ðpn� n2i Þ
�nðpþ p1Þ þ �pðnþ n1Þ

where

�n ¼
1

Ntvth�nðEÞ
¼ �n0

@nðEÞ

and

�p ¼
1

Ntvth�pðEÞ
¼ �p0

@pðEÞ

The electric field enhancement factor can be separated into classical and quantum terms.

@nðEÞ ¼ ð@nðEÞÞCL þ ð@nðEÞÞQM
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These enhancement variables in general can be both electric field and thermal
dependent.

@nðE;TÞ ¼ ð@nðE;TÞÞCL þ ð@nðE;TÞÞQM

3.2.2.4 Frenkel–poole effect

From the electric-field-enhanced leakage model

U ¼ ðpn� n2i Þ
�nðpþ p1Þ þ �pðnþ n1Þ

where

�n ¼
1

Ntvth�nðEÞ
¼ �n0

@nðEÞ

and

�p ¼
1

Ntvth�pðEÞ
¼ �p0

@pðEÞ

The electric field enhancement factor can be separated into classical and quantum
terms.

At intermediate electric fields, the classical models that include electric field enhance-
ment are the one- and three-dimensional Frenkel–Poole models [31]. The Frenkel–Poole
model addresses the influence of the electric field on the trap state barrier height. As the
barrier height is modulated by the electric field the emission probability increases,
leading to an enhancement of the emission rate, and an increase in the leakage. This
model is evident in heavily doped p–n junctions, gated p–n junctions, and polysilicon
resistor films. Woo and Plummer applied it to heavily doped emitter–base junction
leakage to explain voltage dependent leakage. Voldman applied this model for the
explanation of the MOSFET gate-induced drain leakage (GIDL) mechanism in
p-channel MOSFETs, and substrate plate trench DRAM capacitors in the low-voltage
regime.

In the Frenke–Poole model, the change in the barrier height enhances the probability
of the emission probability of a carrier escaping from a trap state. In this model, the
analysis is a one-dimensional model. For the Frenkel–Poole effect, the enhancement
factor for electron emission for donor-type states and hole emission for acceptor states
can be expressed as

@nD ¼ exp
� 

kT

� 


@pA ¼ exp
� 

kT

� 
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where

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qEext

"ðkTÞ

s

This model was extended for three-dimensional emission effects by Hartke, by
integration around the entire trap in three dimensions [32].

@ ¼ 1

4�

Z 2�

0

d�

Z �

0

d� sin �@ð�Þ

Since the electric field is uniform, the emission rate is a function of the angle of
emission, where the emission rate is expressed as

@3D ¼ 1

2
þ 1

�2
f1þ ð� � 1Þe�g

� 


where

� ¼ q

kT

ffiffiffiffiffiffiffiffiffiffiffi
qEext

�"eff

r

This model was modified by Jonscher [33], under the assumption that the emission
opposite to the electric field should be ignored

@3D ¼ 1

�2
f1þ ð� � 1Þe�g

� 


In these physical models, as the temperature of the silicon increases, the generation rate
of carriers will increase. Hence, as silicon self-heating increases, Frenkel–Poole gener-
ation will lead to an increase in the generation of carriers and influence the generation
rate of the free carriers.

3.2.2.5 Band-to-band tunneling leakage phenomenon

Band-to-band tunneling is important in metallurgical junctions at high electric fields.
ESD events can lead to motion of the dopants modifying the nature of the leakage
mechanism during ESD events. The issue of tunneling is a greater concern in advanced
technologies with the scaling of physical dimensions. Tunneling currents can increase as
dielectrics are damaged from ESD events due to changes in the trap state density and
establishment of paths of conduction.

Analysis of electron emission in electric fields by quantum mechanics was first
performed by R.H. Fowler and L. Nordheim [34]. The Fowler–Nordheim development
solved the problem of the transmission through a step barrier in the presence of an
applied electric field by Schroedinger’s equation. Assuming a step potential at the
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intercept, the electric field distorts the step potential to a rectangular barrier. Assuming
a step barrier height V0, a particle of energy E and an applied electric field F, the time-
dependent Schroedinger equation is

d2�

dx2
þ 	2ðE � V0 þ FxÞ� ¼ 0 x > 0

d2�

dx2
þ 	2ðEÞ� ¼ 0 x < 0

By transformation of variables, the equation can be reduced to a second-order
ordinary differential equation with a variable coefficient. Let us define a variable

y ¼ �V0 � E

F
þ x

� �
ð	2FÞ1=3

then

d2�

dy2
þ y� ¼ 0

The solution is a Bessel function of order 1/3 where

� ¼ ffiffiffi
y

p fJ1=3ð2=3y3=2Þg and� ¼ ffiffiffi
y

p fJ�1=3ð2=3y3=2Þg

Far from the step, the solution must reduce to a freely propagating wave packet,
hence this is best expressed as Hankel’s second function

� ¼ ffiffiffi
y

p fHð2Þ
1=3ð2=3y3=2Þg

From this development, the transmission probability through a triangular barrier
with particle energy E is expressed as

TðEÞ / exp � 4

3

ffiffiffiffiffiffiffi
2m

p
ðEÞ3=2

q�hF

" #

The Fowler-Nordheim development does not assume a semiconductor material.
Zener addressed the problem for a semiconductor in 1933 [35]. Zener first proposed

that a band-to-band tunneling occurs in a semiconductor. The derivation assumes a
tunneling mechanism is a one-electron process in a uniform one-dimensional electric
field. The transmission probability is determined by the probability that the carrier
exists in the conduction band normalized to the probability that it is in the valence band.
This is associated with a rate at which the electron impinges on the band edges. Using
Bloch theory, Zener showed the rate at which the carrier impinged on the band edge.
The velocity of the carrier in k-space is 2�eF=h where F is the local external field. The
width of the Brillouin zone is 2�=h, thus the frequency that the carrier impinges is eFa/h.
Zener realized that Bloch wave function analysis assumes real values of wave vectors for

100 SEMICONDUCTOR DEVICES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 101 – [83–138/56] 6.8.2004 10:16AM

carriers in the band. Generalizing to complex wave vectors allows for an exponentially
decaying wave function in the forbidden zone. The generalization of the Bloch wave
function was

�kðxÞ ¼ UkðxÞ exp
Z

iKðxÞ dx
� 	

The transmission probability is then the ratio of the square of the wavefunction at the
valence band normalized to the square of the wavefunction at the conduction band.
Then

�v

�c

����
����
2

¼ exp �2

Z c

v

�ðxÞ dx
� 	

where the integral is solved from the valence band to the conduction band over the
imaginary part of the value of K(x). Hence the total tunneling probability is the product
of the carrier rate of impinging on the conduction band and the probability of transmission.

eFa

h
exp �2

Z c

v

�ðxÞ dx
� 	

To solve for the Zener tunneling rate, the wave function must be solved using
Schroedinger’s equation in the lattice. Zener solved this problem using a one-dimen-
sional lattice potential and a spatially varying electric field between the two edges.
Solving the equation, the value of K(x) is

KðxÞ ’ �

a
1� i

8ma2

h2
fV2

0 � ðeFxÞ2g1=2
� 


then the transmission probability is solved in the integral and the transmission rate is

eFa

h
exp �2

Z V0=eF

�V0=eF

8ma2

h2
fV0

2 � ðeFxÞ2g1=2dx
( )

By symmetry of the integral,and letting Eg ¼ 2V0

TðFÞ ’ eFa

h
exp � �2ma

h2

E2
g

eF

( )

This development was extended byMcafee, Ryder, Schockley, and Sparks by address-
ing the effective mass in a semiconductor [36]. Kane, Price and Radcliffe, Keldysh
addressed extensions of this model to indirect bandgap silicon structures. In these
developments, the phonon emission, and energy losses in the system were compared
with the direct gap analysis [37–40]. In the Kane–Price–Keldysh (KPK) developments,
the tunneling probability is lower in the indirect bandgap media compared with the
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direct bandgap material in the prefactor and in the exponential. In the indirect bandgap
materials, some of the tunneling energy is transmitted into phonon energy.

In these developments, the tunneling current is a strong function of electric field and
a weak function of the temperature. Self-heating has only a small effect on the tunneling
current. From band-to-band tunneling measurements from MOSFET gate-induced
drain leakage (GIDL), the current does increase with temperature in the tunneling
regime. Hence self-heating will lead to some increase in the tunneling current, but the
thermally generated current will increase at a much more significant rate with tempera-
ture. As the self-heating from ESD occurs, the thermally generated mechanisms will
dominate over the tunneling mechanisms at higher voltages.

3.2.2.6 Avalanche multiplication with electron and hole ionization

Impact ionization leads to the generation of carriers, leading to a cascade effect in a
region with an electric field applied [41–43]. Avalanche multiplication occurs for both
the negative and positive species when the energy level exceeds the impact ionization
threshold for both species.

Let there be an incident current Ip0 and total current I which is the sum of the positive
and negative specie (e.g. electron and hole in semiconductors). At the position x ¼ W ,
the hole current is MpIp. The differential generation in an increment is associated with
the product of the impact ionization coefficient and current at the position in space at
that location in space.

dIpðxÞ ¼ f
pIp þ 
nIng dx

This can be expressed as a function of the total current

dIpðxÞ
dx

¼ 
nI þ ð
p � 
nÞIp

or equivalently

dIpðxÞ
dx

� ð
p � 
nÞIpðxÞ ¼ 
nI

In this form, the equation is a first-order ordinary differential equation with a
variable coefficient. The integration factor for the integral can be expressed as

�ðxÞ ¼ exp �
Z x

0

ð
p � 
nÞ dt
� 


with a general solution of

IpðxÞ ¼
1

�ðxÞ

Z x

0

�ðsÞð
nIÞ dsþ C

� 
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where C is a constant. Then we obtain,

IpðxÞ ¼ exp

"Z x

0

ð
p � 
nÞ dt
# Z x

0

exp

"
�
Z s

0

ð
p � 
nÞ dt
#
ð
nIÞ dsþ C

#"

This can be expressed as a function of the total current as

IpðxÞ ¼ I exp

Z x

0

ð
p � 
nÞ dt
� 
 Z x

0


n exp �
Z s

0

ð
p � 
nÞ dt
� 


dsþ K

� 


Letting the hole current at x ¼ 0 be Ip0, we can solve for the constant where
Ip0 ¼ MpI ¼ K which is the hole multiplication times the total current at the electrode
at x ¼ 0. Then K ¼ 1=Mp. The general solution is then,

IpðxÞ ¼ I exp

Z x

0

ð
p � 
nÞ dt
� 
 Z x

0


n exp �
Z s

0

ð
p � 
nÞ dt
� 


dsþ 1

Mp

� 


From this form, we can solve for the avalanche multiplication term Mp from the
boundary condition at the position x ¼ W , where IpðWÞ ¼ MpIp0.

1

Mp
¼ exp �

Z x¼W

0

ð
p � 
nÞ dx
� 


�
Z x¼W

0


n exp �
Z x0¼x

0

ð
p � 
nÞ dx0
" #

dx

" #

To integrate the integral expression, changing the form

Z x¼W

0

ð
n � 
pÞ exp �
Z x0¼x

0

ð
p � 
nÞ dx0
" #

dx

" #
¼ exp �

Z W

0

ð
p � 
nÞ dx
� 


� 1

Hence by adding the impact ionization term for holes, we obtain an expression
equal to the first term of the RHS. Adding this to the equation, and then subtracting
out the common integral terms, the multiplication term can be placed in the form as
follows

1� 1

Mp
¼

Z x¼W

0


p exp �
Z x0¼x

0

ð
p � 
nÞ dx0
" #

dx

" #

Let us establish a relationship between the hole and electron impact ionization terms,


p ¼ �
n

1� 1

Mp
¼ �

1� �
exp � 1� 1

�

� �Z W

0

ð
pÞ dx
� 


� 1

� 	
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and

1� 1

Mn
¼ 1

� � 1
exp

Z W

0

ð� � 1Þð
nÞ dx
� 


� 1

� 	

From this formulation, we obtain a modified Townsend criterion of the formZ W

0


n dx ¼ ln �

� � 1Z W

0


p dx ¼ � ln �

� � 1

3.3 BIPOLAR HIGH-CURRENT DEVICE PHYSICS

3.3.1 Bipolar Transistor Equation

Bipolar transistors are present as both active devices and as parasitic elements in integrated
technology. During electrostatic discharge, electrical overstress, and latchup, the parasitic
bipolar elements play a key role in the understanding of how circuits respond. Parasitic
bipolar elements of both npn and pnp transistor types exists within circuit elements, between
adjacent elements, and between circuits and circuit blocks. Parasitic bipolar transistors are
inherent in bulk and silicon-on-insulator (SOI)MOSFET devices in parallel with the surface
channel MOSFET conduction. To understand bipolar transistors, and parasitic elements in
integrated technology it is important to understand bipolar device operation.

Figure 3.5 is an example of a modern epitaxial base silicon–germanium heterojunc-
tion bipolar transistor. Today, these transistors have cutoff frequencies well above the
frequency response of ESD events.

Evaluation of bipolar transistor current density from the emitter to the collector for
an npn transistor can be represented as [23]

J ¼
qn2i exp

qVBC

kT

� �
� exp

aVBE

kT

� �� 

Z xB

0

pðxÞ
DnðxÞ

dx

where we can express the current in the form,

I ¼ Is exp
qVBC

kT

� �
� exp

qVBE

kT

� �� 


Is ¼
q2A2n2i hDni

QB

hDni ¼
qA

Z xB

0

pðxÞ dxZ xB

0

pðxÞ
Dn

dx
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and

QB ¼ qA

Z xB

0

pðxÞ dx

The base current can be expressed in a similar form where current is a function of the
excess charge in the base divided by the recombination time,

Q0
B ¼qA

Z xB

0

�
nðxÞ � n0



dx

IrB ¼ Q0
B

�n

3.3.2 Kirk Effect

During an ESD event, high current will flow in a bipolar transistor, in bipolar transistor
peripheral circuits, or ESD power clamps. At these high currents, the frequency
response of the transistor is impacted by the current flowing in the base region. As the

Figure 3.5 Cross-section of a silicon–germanium epitaxial bipolar transistor
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current density increases, the space-charge region in the base–collector junction is pushed
outward. This effect is known as the Kirk effect [44]. In analysis of the electrostatics in a
junction it is assumed that the carriers are swept out of the depletion region and do not
modulate the electric field. At high currents, the ESD current flowing through the
junction modifies the space-charge region, leading to a space-charge region modulation.

dE

dx
¼ 1

"
qNðxÞ � Jc

vðxÞ

� 


where Jc is the current density from the ESD current flowing through the transistor
element. Assuming that the collector–base voltage is a constant, then the collector–base
voltage and the built-in potential will equal the voltage drop across the space-charge
layer. The voltage drop across the depletion region is the integral of the electric field
over the junction from the collector to base region. This can be expressed as

VCB ¼ 1

"

Z xc

xb

x qNðxÞ � Jc

vðxÞ

� 

dx� �i

This can be simplified by assuming the doping concentration is a constant in the
epitaxial region,

VCB ¼ 1

2"
qNepi þ

Jc

vsat

� 

ðxc � xbÞ2 � �i

Defining a saturation current

Jsat ¼ qNepivsat

then

VCB ¼ qNepi

2"
1þ Jc

Jsat

� 

ðxc � xbÞ2 � �i

From this the variation of the base width as a function of the ESD current can be solved as

WCBðJESDÞ ¼
WCB0

1þ JESD

Jsat

� �1=2

where

WCB0 ¼
2"ðVCB þ �iÞ

qNepi

� 
1=2

The ESD collector-to-emitter current will flow through the collector region. As the
ESD current increases, the collector–base depletion width will decrease and the base
width will increase, leading to a lower response to the ESD event, if the ESD event is
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slower than the charge relaxation time. When the ESD event achieves the peak current,
the transistor response will be least responsive. Hence we can express a time-dependent
depletion width relationship during an ESD event as

WCBðtÞ ¼
WCB0

1þ JESDðtÞ
Jsat

� �1=2

where the depletion width is a function of the ESD pulse width time response.

3.3.3 Johnson Limit

A fundamental relationship exists between the frequency response of the transistor and
the maximum power applied across a transistor. This is known as the Johnson limit [45].
Early, Pritchard and Johnson all addressed the physical limitation of transistor fre-
quency response and power [45–50].

This is important to ESDphenomena for two reasons. The response time of the transistor
relative to the ESDpulse influences the time constant hierarchy ordering. The effect in which
the element responds to the ESD pulse will influence the operation and response to ESD
events. Second, the speed of the transistor is related to the breakdown voltages.

Johnson addressed the fundamental relationship of how much voltage can you place
across a gap and accelerate an electron. Given a gap of width W, one can apply a
maximum voltage across the region

Vmax ¼ EmaxW

To traverse a gap of width W, this is equal to the product of the drift velocity of the
electron in the electric field and the transit time �TR to traverse the gap W. The
maximum electric field can be understood as the critical field Ec associated with electron
velocity saturation vsat. Substituting

Vmax ¼ EmaxðvsatÞ�TR

The transit time can be equated to the fastest frequency at which we can transport
an electron. This transit time, in the case of a bipolar transistor, is the time required
to traverse the base region, which can be regarded as related to the unity current gain
cutoff frequency fT (ignoring the emitter and collector transit time), hence simplistic-
ally

�TR ¼ 1

2�fT

The maximum electric field that can be placed across the medium is the breakdown
field VBR. Substituting in the variables, we obtain

VBRfT ¼ Emvsat

2�
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In this form, it states that there is an inverse relationship between the maximum
power and frequency response. The formulation states that the product of the maximum
velocity an electron can traverse a medium and the maximum electric field across that
region is a constant. It also states that there is an inverse relationship between the
transistor speed and the allowed breakdown voltage (Figure 3.6).

Based on the Johnson Limit condition, as a technology scales to provide a higher unit
current gain cutoff frequency fT, the BVCEO of the transistor decreases. Hence from the
Johnson limit equation,

V�
m f �T ¼ VmfT ¼ Emvs

2�

where V�
m f �T is associated with a first transistor and VmfT is associated with a second

transistor. The ratio of breakdown voltages can be determined as

V�
m

Vm
¼ fT

f �T

The Johnson limit can be represented in different forms. In the power formulation, we
can relate the maximum power that can be transmitted across a gap W. The Johnson
limit in its power formulation is given as

ðPmXcÞ1=2fT ¼ Em�s
2�

Figure 3.6 Plot of the breakdown voltage ðBVCEOÞ–unit current gain cutoff frequency ( fTÞ
relationship for bipolar transistors (Johnson limit relationship)
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where Pm is the maximum power and Xc is the reactance

Xc ¼
1

2�fTCbc

In this form, it states that there is an inverse relationship between the maximum
power and reactance. From the power formulation, there exists a maximum power that
can be transmitted across the bipolar transistor base. From an ESD perspective, there is
also a maximum power to failure of the physical region for a given pulse width. From
this derivation, we can compare the power to failure and the maximum power according
to the Johnson limit equation. This can be put in the form of a dimensionless group,
which represents the thermal property response to the electrical response.

From the ratio of the power to failure condition of the Wunsch–Bell curve and the
maximum power – fT relationship, a dimensionless group can be established explaining
the relationship between thermal conduction, thermal capacity, failure temperature,
pulse width, saturation velocity, maximum electric field condition and the unity current
gain cutoff frequency. Defining a dimensionless group V0

V0 ¼
Power to failure

Johnson limit maximum power
¼ Pfð�Þ

Pm

The Wunsch–Bell model and the Johnson model are both one-dimensional. In the
thermal diffusion time regime, we can express dimensionless group V0 as

V0 ¼
Pf

Pm
¼

A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�KCp
ðT � T0Þ

�

q
E2
mv

2
s

ð2�Þ2

 !

Xc f
2
T

3.4 SILICON-CONTROLLED RECTIFIERS

Silicon-controlled rectifier (SCR) structures (Figure 3.7) are important semiconductor
devices for electrostatic discharge, latchup and power electronics [51–57]. Silicon-
controlled rectifiers have many applications in power electronics as high current
switches. Silicon controlled rectifiers are also used as electrostatic discharge protection
networks on input nodes, and on power rails as a low-impedance shunt device. Addi-
tionally, the SCR is also an inherent parasitic structure in semiconductor technologies,
which can lead to latchup. These structures, whether intentionally constructed or as an
unintentional parasitic device, is important to quantify and understand for ESD protec-
tion, and latchup analysis.

The SCR device plays a role as a high-current switch as a result of its S-type I–V
characteristic allows it to transition from a low-current/high-voltage state to a high-
current/low-voltage state. It is this feature which serves it well as an electrostatic
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discharge network. It is ‘off ’ in normal operation, and can be triggered ‘on’ into a high-
current state. In this state, it establishes a high current at a low voltage, allowing a low-
impedance shunt. The silicon-controlled rectifier, also known as the Shockley diode, is a
four-region device of alternating p- and n-doped regions with three physical p–n metal-
lurgical junctions.

Conceptually the four-region pnpn can be understood as a cross-coupled pnp and npn
bipolar junction transistor (BJT) device, where the base of the pnp BJT device is the
collector of the npn BJT device, and the base of the npn is the collector of the pnp BJT
device. This pnp–npn BJT coupling establishes regenerative feedback leading to the
S-type I–V characteristic and the cause of the electrical instability which is observed
as a negative resistance state ðdI=dV < 0Þ. It is this feature that has made the Shockley
diode a valuable device for power electronics, and ESD protection as well as its danger
as an enabler of CMOS latchup (Figure 3.8).

Application of a positive bias on the emitter of the pnp element and a ground
potential on the emitter of the npn element establishes a voltage across the pnpn. The
positive voltage serves as to provide a forward biasing of the emitter–base junctions of
the pnp and npn transistors. The base–collector junction of the pnp (which is also the
base–collector junction of the npn) is in a reverse-biased state. This prevents current flow
from the anode of the pnpn to the cathode. As the voltage is increased, the voltage across
the base–collector junction increases. This mode of operation is called the forward
blocking state. In order for current to flow efficiently from the pnpn anode to the
cathode, the base–collector junction must allow current to flow.

p-substrate

p+n+p+
LOCOS

n+

n-well

Figure 3.7 Silicon-controlled rectifier structure

npn

pnp
Rwell

Rsub

Figure 3.8 Silicon-controlled rectifier circuit schematic with shunt resistors
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For current continuity at the cross-coupled nodes, the collector current of the pnp
transistor must equal the base current of the npn transistor, as well as the collector
current of the npn transistor must equal the base current of the pnp transistor. Math-
ematically, the coupling is established through solving Kirchoff ’s current law at the
base–collector nodes. In this form, the standard equations of bipolar transistors can be
used to quantify the interaction and current in the pnpn structure. Hence the two nodal
equations can be quantified and expressed as

Icp ¼ Ibn

Icn ¼ Ibp

where Icp and Icn are the collector current of the pnp and npn BJT, respectively, and
likewise, Ibn and Ibp are the base current of the npn and pnp BJT, respectively.

The total current through the pnpn structure is equal to the emitter current of the pnp
or the emitter current of the npn BJT transistors. From Kirchoff’s current law in the
transistor, the emitter current must equal the base and collector current.

I ¼ Iep ¼ Icp þ Ibp

From the coupling relationships, we can express this as

I ¼ Iep ¼ Icp þ Icn ¼ Ibp þ Ibn ¼ Icn þ Ibn ¼ Ien ¼ I

Solving for the current as a function of the two collector relationships, we can relate
the collector current as a function of the emitter current

Icp ¼ 
Iep þ Icp0

Icn ¼ 
Ien þ Icn0

where the collector current is equal to the transport factor times the emitter current and
the base–collector leakage. Solving for the current through the pnpn structure, we obtain

I ¼ Icp0 þ Icn0

1� ð
n þ 
pÞ

This can be expressed as a function of the bipolar transistor current gain, substituting
in for the collector–emitter transport

I ¼ Icp0 þ Icn0

1� �n
�n þ 1

þ �p
�p þ 1

� �

The current magnitude in the SCR device can be large, given that the numerator is
large, or if the denominator approaches zero. This physically occurs if the leakage
current in the base–collector junction is large due to impact ionization, punch-through,
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photons, or an external source of current. This is also a function of the bipolar current
gain values. In a BJT device, avalanche breakdown occurs at,

M
 ¼ 1

and a generalization to the pnpn structure, it is evident from the previous equation that
avalanche will occur when

Mp
p þMn
n ¼ 1

3.4.1 Regenerative Feedback

The condition for triggering of the silicon-controlled rectifier (SCR) is a function of the
currents through the feedback elements. The intrinsic resistances in the collector, base
and emitter structure can influence the regenerative feedback condition. The evaluation
of the base resistance plays a critical role in modulation of the regenerative feedback.
The base resistances, whether intentional or unintentional, play a significant role in
holding voltage in a SCR structure. For avoidance of unintentional SCR action in
CMOS technology, the well and substrate resistances serve as the base resistances. These
resistances can be modified by both semiconductor process and design.

It has been shown that the total SCR current equals the emitter current. The emitter
current is equal to the sum of the collector currents, or the sum of the base currents.

I ¼ Icp þ Icn

and

Icp ¼ 
Iep þ Icp0

Icn ¼ 
Ien þ Icn0

The base resistance terms of the pnp and the npn transistor are outside of the
collector–base current loop in the regenerative feedback, but they do play a role in
the relationship between the emitter current and the current through the SCR structure.

I ¼ Iep þ Iw

I ¼ Ien þ Isx

Then

I ¼ Icp þ Icn ¼ 
pIep þ Icp0 þ 
nIen þ Icn0

I ¼ 
pðIep þ IwÞ � 
pðIwÞ þ Icp0 þ 
nðIen þ IsxÞ � 
nðIsxÞ þ Icn0

I ¼ ð
p þ 
nÞI � 
pðIwÞ � 
nðIsxÞ þ ðIcn0 þ Icp0Þ

I ¼ ðIcn0 þ Icp0Þ � 
pðIwÞ � 
nðIsxÞ
1� ð
p þ 
nÞ
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From the equation for the total current relationship

ð
p þ 
nÞI � 
pðIwÞ � 
nðIsxÞ þ ðIcn0 þ Icp0Þ � I ¼ 0

dividing by the current

ð
p þ 
nÞ � 
p
ðIwÞ
I

� 
n
ðIsxÞ
I

þ ðIcn0 þ Icp0Þ
I

� 1 ¼ 0

Assuming that the leakage current is significantly less than the current, we can express
the condition for latchup as

ð
p þ 
nÞ ¼ 1þ 
p
ðIwÞ
I

þ 
n
ðIsxÞ
I

This can be expressed as a function of the forward bipolar current gains

�p�n ¼ 1þ ðIwÞ
I
�pð�n þ 1Þ þ ðIsxÞ

I
ð�p þ 1Þ�n

To determine the bipolar current gain required to satisfy this condition, knowing one
of the bipolar current gains, we can solve for the current gain of the second transistor as
a function of the first transistor. Factoring the above equation

�p �n �
ðIwÞ
I

ð�n þ 1Þ � ðIsxÞ
I

�n

� 

¼ 1þ ðIsxÞ

I
�n

Factoring and solving for the bipolar current gain of the pnp transistor needed as a
function of the bipolar current gain of the npn transistor, well resistor current, substrate
resistance current and the current through the SCR [55–57],

�p5

ðIÞ
�n

þ Isx

I � Iw
ð�n þ 1Þ
�n

� Isx

� 


To obtain the criteria as a function of the product of the current gains, we can
multiply the expression by the npn current gain,

�n�p5
I þ Isx�n

I � Iw
ð�n þ 1Þ
�n

� Isx

� 


or equivalently due to symmetry

�n�p5
I þ Iw�p

I � Isx
ð�p þ 1Þ
�p

� Iw

� 
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The well and substrate currents can be solved for as a function of the base–emitter
voltage divided by the well and substrate resistance, respectively.

Iw ¼
ðVBEÞpnp

Rw
¼ V0

Rw
ln

I � Iw

ðI0Þp

" #

Isx ¼
ðVBEÞnpn

Rsx
¼ V0

Rsx
ln

I � Isx

ðI0Þn

� 


3.4.1.1 Regenerative feedback with emitter resistance

The intrinsic resistances in the emitter structure can influence the regenerative feedback
condition. Emitter resistances influence the electrical and thermal stability of a network
(Figure 3.9). Emitter resistance also influences the latchup stability of a network and
influences the latchup criteria. The condition for triggering of the silicon controlled
rectifier (SCR) is a function of the currents through the feedback elements.

To determine the bipolar current gain required to satisfy this condition, knowing one
of the bipolar current gains, we can solve for the current gain of the second transistor as
a function of the first transistor, factoring and solving for the bipolar current gain of the
pnp transistor needed as a function of the bipolar current gain of the npn transistor, well
resistor current, substrate resistance current and the current through the SCR. With the
presence of the emitter resistances, the substrate and well resistances are modified

�p5

ðIÞ
�n

þ I 0sx

I � I 0w
ð�n þ 1Þ
�n

� I 0sx

� 


�n�p5
I þ I 0sx�n

I � I 0w
ð�n þ 1Þ
�n

� I 0sx

� 


or equivalently due to symmetry

�n�p5
I þ I 0w�p

I � I 0sx
ð�p þ 1Þ
�p

� I 0w

� 


The emitter resistance in the pnp transistor influences the voltage drops across the n-
well resistor. Using Kirchoff ’s voltage law, the sum of the voltage drops in the current
loop across the two resistor elements (well and emitter) and emitter–base voltage equals
zero. The current flowing through the emitter resistor is the SCR current minus the
current through the n-well resistor, hence the well resistance current is

I 0w ¼
ðVBEÞpnp þ Irep

Rw þ rep
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Equivalently, the substrate resistance current is

I 0sx ¼
ðVBEÞnpn þ Iren

Rsx þ ren

For the case of the emitter resistance for the npn (ignoring the pnp emitter resistance)
[55,56],

�n�p5
I þ

ðVBEÞnpn þ Iren

Rsx þ ren

� �
�n

I � I 0w
ð�n þ 1Þ
�n

�
ðVBEÞnpn þ Iren

Rsx þ ren

� �� 


For the case of the emitter resistance for the pnp (ignoring the npn emitter resistance)

�n�p5
I þ

ðVBEÞpnp þ Irep

Rw þ rep

� �
�p

I � I 0sx
ð�p þ 1Þ
�p

�
ðVBEÞpnp þ Irep

Rw þ rep

� �� 


or addressing both the emitter resistance of the pnp and the npn transistor [56]

�n�p5
I þ

ðVBEÞnpn þ Iren

Rsx þ ren

� �
�n

I �
ðVBEÞpnp þ Irep

Rw þ rep

� �
ð�n þ 1Þ
�n

�
ðVBEÞnpn þ Iren

Rsx þ ren

� �� 


npn

pnp

Rwell

Rsub Re

Re

Figure 3.9 Silicon-controlled rectifier circuit schematic with emitter resistance
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3.4.1.2 Holding current

The condition for holding current in a silicon controlled rectifier can be obtained from
the triggering condition criteria. From the derivation of the trigger condition inequality,
it can be shown that when the expression is equal, the current is the holding current. Let

�p�n ¼ 1þ ðIwÞ
I
�pð�n þ 1Þ þ ðIsxÞ

I
ð�p þ 1Þ�n

Multiplying both sides by the current I, and factoring out the terms,

IH ¼ �pð�n þ 1ÞIw þ ð�p þ 1Þ�nIsx
�p�n � 1

where the well and substrate currents can be solved for as a function of the base–emitter
voltage divided by the well and substrate resistance, respectively.

Iw ¼
ðVBEÞpnp

Rw
¼ V0

Rw
ln

I � Iw

ðI0Þp

" #

Isx ¼
ðVBEÞnpn

Rsx
¼ V0

Rsx
ln

I � Isx

ðI0Þn

� 


In the case where the SCR npn gain is significantly larger than unity, and the SCR pnp
gain is small [55–57],

IHj�n>>1 ffi Iw þ �p þ 1

�p

� �
Isx

and the complementary case

IHj�p>>1 ffi Isx þ
�n þ 1

�n

� �
Iw

or in the case that both bipolar current gains are significant,

IHj�n�p>>1 ffi Isx þ Iw

Hence, the holding current relationship is the sum of the base–emitter voltage of the
pnp and npn transistor divided by the well, and substrate resistance, respectively.

3.4.1.3 Generalized tetrode condition

Evaluation of the operation of a silicon controlled rectifier and its generalized condition
(Figure 3.10) for switching can be evaluated using a stability criteria as a function of the
effective large-scale injection factors, and the effective transport factors [57]. Let us
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define the effective large-scale injection factors for the pnp and npn as the ratio of current
flowing through the emitter compared with the total current flowing through the SCR

��p ¼ Iep

I

��n ¼ Ien

I

where the Iep and Ien are the emitter currents and I is the total SCR current. The total
SCR current I is larger due to the current flowing through the bypass well and substrate
resistors. The total current flowing through the SCR can be expressed as

I ¼ In þ Ip ¼ 
fnIen þ 
fpIep þ Ind þ Ipd þ Isc

where the first term is the collector currents, and the last terms are the total diffusion
current at the well junction and the space charge generation current at the well junction.
Expressing the current as a function of the effective injection factors

I ¼ In þ Ip ¼ 
fn�
�
nI þ 
fp�

�
pI þ ðInd þ Ipd þ IscÞ

Solving for the total current flowing through the SCR, the expression provides the
expression

I ¼ ðInd þ Ipd þ IscÞ
1� 
fn��n þ 
fp��p

h i

Defining an effective bipolar transistor gain as


�
fn ¼ 
fn�

�
n


�
fp ¼ 
fp�

�
p

α fns

α∗
fps

α∗
fns

1.0

1.0

α∗
fps + α∗

fns = 1

αfps

SAFE
Region

Figure 3.10 Graphical representation of generalized tetrode relationship for stability and

instability
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Expressing the leakages as a summation of the total diffusion current at the well
junction and the generation within the well depletion region

Is ¼ Ind þ Ipd þ Isc

we can express the stability relationship as the ratio of the total diffusion current and
generation within the well region, divided by the effective transistor gains

I ¼ Is

1� 
�
fn þ 
�

fp

h i

From this relationship, it appears that the switching state will occur when the
denominator is zero. Troutman pointed out that this is cannot occur, and that the
usage of this expression for determining the switching state is inaccurate, and that a
generalized tetrode stability relationship must be represented as the derivative of this
condition. In this form, the differential stability criteria can be established by taking the
derivative of the expression with respect to the SCR current.

dI

dIs
¼ 1

1� d

dI
I 
�

fn þ 
�
fp


 �h i

Hence, the condition for instability of the SCR occurs when the denominator is
negative, or

d

dI
I 
�

fn þ 
�
fp


 �h i
> 1

and stable when

d

dI
I 
�

fn þ 
�
fp


 �h i
< 1

The condition for instability can be expanded, and expressed as


�
fn þ 
�

fp þ
d

dI

�
fn þ 
�

fp


 �h i
> 1

From this form, it can be observed that if the last term is positive and greater than
zero, the sum of the effective gains will always be less than unity. Hence, if we are to
define a triangular region in 
�

fn-

�
fp space where


�
fn þ 
�

fp41

then this is the region where the blocking state of the SCR is such that the device does
not trigger, and for the domain outside of the triangular domain, switching can occur
and the SCR can be unstable.
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3.5 RESISTORS

Resistor physics is important for understanding the response of circuits and ESD
networks. Diffused resistors may consist of nþ diffusions, pþ diffusions, n-wells, or
polysilicon elements. In many cases, the resistor elements have silicide block masks to
prevent a low resistance state of the structure. The diffused resistor profile may consist
of a dopant source which can be expressed as a complementary error function

Cðx; tÞ ¼ Cs erfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

¼ 2Csffiffiffi
�

p
Z 1

x

2
ffiffiffi
Dt

p
e�v2 dv

The total dopants can be found by integration over the profile

N 0 ¼
Z 1

0

Cðx; tÞ dx ¼ 2

ffiffiffiffiffiffi
Dt

�

r
Cs

After the hot process time t, the well can be represented with a doping concentration

Cðx; tÞ ¼ N 0ffiffiffiffiffiffiffiffiffi
�Dt

p exp � x2

4Dt

� �

In a nonuniform profile, the conductance of the well resistor can be found by integra-
tion over the well region from the top surface ðx ¼ 0Þ to the metallurgical junction, x ¼ XJ

G ¼ W

L

Z XJ

0

q�n xð Þdx

When the background doping concentration is negligible compared with the well implant
dose, we can solve for the conductance of the well from the Gaussian representation

G ¼ N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XJ

0

�n exp � x2

4Dt

� �� 

dx

In the case where the surface is silicided, the conductance will be modified by the
penetration of the silicide into the diffusion and the net resistance is the parallel
resistance of the two films

R ¼ RsalkRfilm

where

Rsal ¼ 
sal
L

W

Rfilm ¼ 1

N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XJ

Xsal

�n exp � x2

4Dt

� �� 

dx
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In an unsalicided region under an isolation region such as shallow trench isolation, as
in the case of a buried resistor (BR) element, or an n-well the conductance can be
expressed as

G ’ N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XW

XSTI

�n exp � x2

4Dt

� �� 

dx

In the case of a retrograde well, dopants are implanted at a depth below the surface,
and a second well implant or background ‘fill’ implant is formed. Assuming a single well
implant, where the fill implant is significantly less than the high energy MeV implant we
can approximate the conductance as this can be expressed as

G ’ W

L

Z XW

XSTI

qN0�0 þ
N 0qffiffiffiffiffiffiffiffiffi
�Dt

p �n exp �ðx� x0Þ2

4Dt

 !" #
dx

In a semiconductor, the resistor current density is a function of the drift current
component.

Jdrift ¼ qnvd

In a resistor structure, electric fields can approach the velocity saturation level of an
electron. A form of the velocity–electric field relationship can be expressed as [58]

vdðEÞ ¼ vsat
ðE=EcÞ

½1þ ðE=EcÞ��1=�

where E is the electric field, Ec is the critical electrical field, and � is a parameter.
Substitution into the drift equation, we obtain

JðEÞ ¼ qnvsat
ðE=EcÞ

½1þ ðE=EcÞ��1=�

At high electric fields, the internal electric field approaches the critical electric field.
At the critical electric field, roll-off of the current density occurs, with the saturated
current density can be expressed as

JsatðE > EcÞ ’ qnvsat

where the doping concentration is the concentration of the resistor element.
Resistor elements will undergo three regions of operation (Figure 3.11). In the linear
regime, the device has a linear resistance characteristic. As the device approaches the
critical electric field, the resistor undergoes a saturation region. This is followed by an
avalanche breakdown regime when the voltage is such that avalanche multiplication
occurs. Hower and Reddi represented this phenomenon as a space-charge-neutral
region [59], and a space-charge-limited region.
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Making the equation consistent with velocity saturation and avalanche models, let us
express the current voltage regimes as [58]

Linear regime

I ¼ V

Rlin

Saturated regime

I ¼ V

Rlin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V

Vc

� �2
s

Avalanche regime

I ¼ V

Rlin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V

Vc

� �2
s M

M ¼ 1

1� A exp � B

Vd

� �

where A, B are physical constants,

Vd ¼ �V

and

� ¼ 1� ExL

V

Avalanche

Voltage

Linear Regime

Saturated Regime

Voltage (V)

I 
(m

A
)

Snapback

Regime

Figure 3.11 Resistor current–voltage characteristic
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where Ex is the location at which the space charge density transitions into the avalanche
multiplication, L is the length of the resistor element, and V is the voltage across the
resistor. Puvvuda demonstrates this form of the transition from the linear, to the
saturation followed by the avalanche multiplication region.

In this development, self-heating is not shown. Self-heating can occur prior to
avalanche breakdown, leading transition into thermal breakdown prior to electrical
breakdown. This would be evident in resistor elements which have poor thermal con-
ductivity and low electric fields due to the length.

3.6 MOSFET HIGH-CURRENT DEVICE PHYSICS

3.6.1 Parasitic Bipolar Transistor Equation

MOSFET and MOSFET parameters are important for prediction of ESD sensitivity of
both the ESD elements and the circuit networks interfaces. Figure 3.12 shows the key
parameters of interest in the MOSFET structure.

Second breakdown is a key subject of interest in the ESD robustness of MOSFET
devices. Second breakdown is an electrothermal effect typically leading to thermal
runaway, and component failure [60–74]. Parasitic bipolar transistors are inherent in
bulk and silicon-on-insulator (SOI) MOSFET devices in parallel with the surface
channel MOSFET conduction. In a MOSFET, the current flow from the drain to
source. In parallel with the drain and source diffusion, a parasitic bipolar transistor
(Figure 3.13) is formed.

Figure 3.12 MOSFET device
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The total drain current can be expressed as a function of the MOSFET drain-to-
source current, the parasitic bipolar current, and the thermal generation current
[74–81]

I ¼ IDS þ IC þ IG

The parasitic bipolar transistor can express the current in the form [23]

IC ¼Is exp
qVBC

kT

� �
� exp

aVBE

kT

� �� 


Is ¼
q2A2n2i Dnh i

QB

Dnh i ¼
qA
R xB
0

pðxÞdxR xB
0

pðxÞ
Dn

dx

and

QB ¼ qA

Z xB

0

p xð Þdx

The base current can be expressed in a similar form where current is a function of the
excess charge in the base divided by the recombination time

Q0
B ¼qA

Z xB

0

n xð Þ � n0½ �dx

IrB ¼Q0
B

�n

p-wafer

STI
n+

STI
p+n+

n+

S
G

D Substrate Contact

Figure 3.13 MOSFET device with parasitic bipolar transistor

123MOSFET HIGH-CURRENT DEVICE PHYSICS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 124 – [83–138/56] 6.8.2004 10:16AM

In the case of a MOSFET, the base region is the p-substrate region. In the base, it can
be assumed the doping concentration in the lateral transistor structure is a constant.
This simplifies the collector current equation [23].

IC ¼Is exp
qVBC

kT

� �
� exp

aVBE

kT

� �� 


Is ¼
q2A2n2i Dnh i

QB
’ qAen

2
i Dn

NaLeff

where Ae is the emitter area, Dn is the electron diffusion coefficient in the channel
region, Na is the doping concentration in the channel region, Leff is the lateral bipolar
base width of the lateral npn which is the effective channel length. For a MOSFET, the
emitter area is equal to the product of the MOSFET channel width and the source/drain
implant junction depth WeffXJ. The effective area is the area which participates in the
forward bias injection into the substrate.

Is ’
q Weffxj
� �

n2i Dn

NaLeff
� q

Weff

Leff

n2i Dn

Na

For the base current, the equation can be expressed as

IB ¼ I0e exp
qVBE

kT

� �
� 1

� 


where the base current term I0e is expressed as

I0e ’
qAen

2
i Dp

NDELpE
� q WeffxJð Þn2i Dp

NDELpE

The bipolar current gain is obtained from the ratio of the collector current to the base
current. In the case of forward active voltage, the exponential term for the collector–
base is negligible, and the bipolar current gain can be expressed solely as a function of
the ratio of the two current expressions.

�f ¼
IC

IB
’ Is

I0e

This can be expressed as

�f ¼
IC

IB
’ Is

I0e
� Dn

Dp

NDE

NA

Lpe

Leff

From the current model, avalanche generation can be expressed as a function of the
multiplication factor and the total current flowing through the high electric field region.
We can express the generation current as [74–81]

IG ¼ M � 1ð Þ IDS þ ICð Þ
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When the electric fields are low, M is unity, leading to no generation. As the electric
field increases in the transistor, avalanche multiplication increases leading to the gen-
eration term. In this expression, some of the hole generation current will serve as base
current for the lateral bipolar element, while some of the holes generated will enter the
substrate serving as substrate current. The substrate current can be expressed as

Isx ¼ M � 1ð Þ IDS þ ICð Þ � IB

The substrate current in a MOSFET is typically an issue for hot electron generation and
total power consumption. For ESD analysis, the substrate current is important because it is
associated with the voltage drop that occurs locally in theMOSFET region at high currents.

Vsx ¼ IsxRsub

hence, we can express the voltage drop in the substrate as

Vsx ¼ M � 1ð Þ IDS þ ICð Þ � IB½ �Rsub

When the voltage drop equals the forward bias voltage of the p–n junction formed
between the source and the substrate, MOSFET snapback occurs. We can express this
as the condition

VBE ¼ Vsx ¼ M � 1ð Þ IDS þ ICð Þ � IB½ �Rsub

or a condition for MOSFET snapback occurs when

VBE5 M � 1ð Þ IDS þ ICð Þ � IB½ �Rsub

From this development, it is important to quantify the substrate resistance in order to
anticipate the onset of MOSFET snapback. In a multi-finger structure, the MOSFET can
be represented as a plurality of parallel MOSFET devices where the gate and the drain are
coupled to common nodes, and the sources are independent nodes. The MOSFET fingers
are also coupled together through the substrate potential drops. This introduces a com-
plex model for the substrate current and the substrate resistances. This can be addressed
through coupled system of equations, matrices, or transfer resistance representations. In
the next chapter, substrate electrical and thermal models will be discussed.

3.6.2 Avalanche Breakdown and Snapback

In MOSFET devices, avalanche breakdown occurs in the metallurgical junction formed
between the MOSFET drain and its supporting structure. In the case of an n-channel
MOSFET, avalanche breakdown occurs in the nþ source/drain implant to p- epitaxy
(or p- substrate) metallurgical junction. From the Townsend criteriaZ


dx ¼ 1
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where the integration of the impact ionization over the physical space where there exists
a nonzero electric field. From this form, the avalanche multiplication factor M can be
related to the impact ionization coefficient integrated over the depletion width and can
be expressed as

M ¼ 1

1�
R

dx

In a depletion region, the peak electric field is maximum at the center region of the
dipole. In the analysis of the MOSFET, the model is simplified to express it as a
function of the depletion width. Hence it can be integrated over the integral and stated
in the form

M ¼ 1

1� 
xd

From semiconductor physics, it is known that the depletion width can be expressed as
a power of the applied voltage

xd / VDð Þn

The power of this relationship is a function of the doping profile at the metallurgical
junction. In this form, it is also clear that, when the voltage is greater than the avalanche
breakdown voltage, the multiplication factor should increase rapidly. Hence heuristi-
cally, it is clear that the multiplication expression should satisfy the form

M ¼ 1

1� VD

Vav

� �n

In this form, as the drain voltage approaches the avalanche breakdown voltage, the
multiplication factor approaches infinity. Amerasekera pointed out that the above
relationship does not address the effect of the gate voltage on the electric field in a
MOSFET gated diode region [74–80]. As the gate electrode voltage in a MOSFET is
increased, the electric field in the drain region increases. From the expression

M ’ 1

1� 
ðEÞxd
¼ 1

1� 
0xd exp �B

E

� 	

Substituting in a voltage condition where the electric field is the voltage over a
physical distance, where the voltage across the depletion region is the drain voltage
minus the drain saturation voltage, and the distance is the depletion region,

M ’ 1

1� ð
0xdÞ exp � Bxd

fVD � Vdsatg

� 	

126 SEMICONDUCTOR DEVICES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH003.3D – 127 – [83–138/56] 6.8.2004 10:16AM

where the drain saturation velocity is expressed as

Vdsat ¼
VG � Vt

aþ bðVG � VtÞ

where saturation velocity is the voltage drive divided by a two-parameter expression in
the denominator, and the voltage drive is the gate voltage minus the MOSFET thresh-
old voltage.

The avalanche generation current can then be calculated from the multiplication
factor and the current flowing through the drain junction. The current flowing through
the drain structure is the MOSFET current flowing through the surface region (e.g.
MOSFET source-to-drain current) as well as the current flowing from the parasitic
bipolar transistor formed from the MOSFET source, epitaxy region, and the MOSFET
drain forming a lateral npn transistor. In this case, the MOSFET drain and source serve
as the bipolar junction transistor collector and emitter, and the epitaxial region serves as
a base. The avalanche current can be expressed as

Iav ¼ ðM � 1ÞI ¼ ðM � 1ÞfIDS þ ICg

The avalanche generation current flows to the p-substrate region of the n-channel
MOSFET structure. A portion of this current flows to the base of the lateral parasitic
npn transistor, serving as the emitter–base current, while the rest of the current will flow
to the substrate region, as substrate current. Hence the avalanche current can be defined
as the sum of the substrate current (flowing to the substrate contact), and the base
current of the lateral npn transistor (serving as base drive current),

Iav ¼ Isx þ IB

Then the substrate current, can be estimated as

Isx ¼ Iav � IB ¼ ðM � 1ÞfIDS þ ICg � IB

hence we can express the avalanche current, and the substrate current as a function of
the impact ionization, the depletion width, drain voltage, drain saturation voltage, and
MOSFET n-channel and parasitic npn current.

Iav ’
1

1� ð
0xdÞ exp � Bxd

fVD � Vdsatg

� 	� 1

0
BB@

1
CCAfIDS þ ICg

and

Isx ’
1

1� ð
0xdÞ exp � Bxd

fVD � Vdsatg

� 	� 1

0
BB@

1
CCAfIDS þ ICg � IB
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3.6.3 Instability and Current Constriction Model

Spatial instability in MOSFET structures is a key source of ESD failures in semicon-
ductor components [60–80]. MOSFET current constriction occurs in the MOSFET
channel region under the MOSFET gate structure. MOSFET instability is a function
of the interrelation of the electric potential and temperature gradient. During an ESD
event, the electric potential under the MOSFET channel region and in the MOSFET
channel region can influence the MOSFET failure. From the relationship between
electric potential, maximum temperature, electrical resistivity and thermal conductivity,
a set of contours can be created as a function of a fixed maximum temperature. The
maximum temperature in the electrical constriction can be between the intrinsic tem-
perature and the melting temperature. From our earlier development on spatial instabil-
ity, and utilization of the spreading resistance relationship we can solve for the steady
state constriction in a MOSFET channel region. From spreading resistance theory, the
relationship between contact radius a and a contour at a distance d can be shown to
satisfy a model

Rs ¼
1

2�a

� 	
tan�1 d

a

� 	

Then we have the relationship of the current restriction as

1

2�a

� 	
tan�1 d

a

� 	
¼ 1

Im

� 	Z T

Tmax

dT

Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax


ðT 0ÞKðT 0Þ dT 0
n or

2
664

3
775

In MOSFET structures where current instability is evident, the failure analysis
typically shows that the MOSFET region where the silicon is molten is significantly
smaller than the width of the channel. Let that dimension d ¼ W , and the parameter
Weff is the constriction region. Then

1

2�Weff

� 	
tan�1 W

Weff

� 	
¼ 1

Im

� 	Z T

Tmax

dT

Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax


ðT 0ÞKðT 0Þ dT 0
n or

2
664

3
775

Since the region of current constriction is significantly smaller that the MOSFET
channel width in an unballasted element, the above expression can be approximated as

1

2�Weff

� 	
tan�1 W

Weff

� 	
� 1

4Weff
¼ 1

Im

� 	Z T

Tmax

dT

Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax


ðT 0ÞKðT 0Þ dT 0
n or

2
664

3
775
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Then the effective width of the current constriction is

Weff ¼
Im

R T
Tmax

dT
4
Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax


ðT 0ÞKðT 0Þ dT 0
n or

2
664

3
775

In this form, it can be seen that the effective width is a function of the maximum current
through the constriction region. In a multi-finger MOSFET structure, the total current
will be divided by the number of fingers which are undergoing current constriction. If
the substrate potential is well grounded, multiple current constrictions are observed in
parallel. If the substrate potential is not well grounded, or is floating during an ESD test
condition, the number of current constrictions in the multi-finger MOSFET are lower.

Figure 3.14 is an atomic force microscope (AFM) image of second breakdown in
series cascode MOSFET devices. This is the first image of an integrated MOSFET
where there are two in series. From the observation, the current constricts under the first

Figure 3.14 Atomic force microscope (AFM) image of second breakdown in series cascode

MOSFET devices
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MOSFET gate region, broadens out in the diffusion due to the low resistance and then
reconstricts under the gate region.

Figure 3.15 is the atomic force microscope (AFM) image of second breakdown in
series cascode MOSFET devices from a different perspective. From the image, it can be
observed that there are two hourglass domains in the physical failure. Figure 3.16 is a
cross-section cut through the MOSFET second breakdown across the gate region. Note
that the symmetrical center of the constriction is the region of highest formation of
molten silicon, and the region of peak heating.

3.6.4 Dielectric Breakdown

In MOSFET devices during ESD events, a key problem is dielectric breakdown of the
MOSFET gate structure. Dielectric breakdown occurs typically from HBM, MM and
CDM-type events [82–90].

In an HBM or MM event, the voltage occurs from a discharge on an input pad. As
the voltage increases on the pad voltage and the MOSFET gate structure (e.g. in a
receiver network). For a positive voltage, an n-channel MOSFET gate-to-substrate
voltage increases, leading to a voltage stress between the MOSFET gate structure.
For a negative HBM voltage, a negative MOSFET gate-to-drain voltage occurs. During
the positive transition of an oscillatory event, such as the MM event, the MOSFET
gate-to-substrate voltage is positive in the positive transition, and reverses in the

Figure 3.15 Atomic force microscope (AFM) image of second breakdown in series cascode

MOSFET devices
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negative transition. In a typical MOSFET receiver network, the n-channel MOSFET
gate fails during a positive HBM stress and the p-channel MOSFET fails during a
negative voltage transition. In this failure mechanism, MOSFET receiver gate structures
can be observed to fail in the polysilicon MOSFET gate structure at the connection into
the device.

In a CDM event, the charge is formed in the substrate region. When the input pad is
grounded a MOSFET gate-to-substrate voltage is established in the MOSFET channel
region. The displacement current flows through the gate structure, leading to MOSFET
gate failure. In these events, the failure mechanism typically is referred to as a MOSFET
gate ‘pinhole.’ CDM events occur in p-channel MOSFETs when the power supply or
well regions are charged and the p-channel MOSFET gate is grounded.

In the Fong and Hu model [82], the time to breakdown relationship can be repre-
sented as a function of two physical constants

tBD ¼ C1 exp C2

�
E0x

� �
From this, a failure criteria can be established using this form where failure occurs

when the integral over time is such that it is greater than the parameter C1Z
dt exp � C2

�
E0xðtÞ

� �� �
> C1

MOSFET gate dielectric failures also occur between the MOSFET gate-to-drain or the
MOSFET gate-to-source regions. This is evident in both bulk and silicon on insulator
(SOI) technology. In this case, latent damage is evident in the MOSFET gate-to-drain
region which is observable from the MOSFET GIDL I-V shift or MOSFET overstress
damage. Dielectric models will be further discussed in Chapter 8.

Figure 3.16 Atomic force microscope (AFM) image topography cut through the MOSFET

second breakdown region
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3.6.5 Gate Induced Drain Leakage (GIDL)

InMOSFETdevices, prior to avalanche breakdown, electric field enhanced leakagemechan-
isms are evident in both p-channel MOSFETs, and n-channel MOSFETs [29,30,91,92]. In a
MOSFET, as the gate-to-drain voltage increases, high electric fields occur in the MOSFET
spacer and doped drain region and the metallurgical junction at the drain-to-substrate is
modified and penetrates into the spacer and drain region along the device surface.

As the electric field increases, a depletion region is formed in the drain implant. At low
electric fields, the leakage current is dominated by Shockley–Read–Hall generation. As
the electric field is increased, the barrier height of the traps is modified by the electric field
lowering the potential barrier. As the carrier height is reduced, the minority carriers flow
from the traps to the drain-to-substrate metallurgical junction, leading to an electric-field-
enhanced leakage mechanism. This Frenkel–Poole mechanism is more prevalent in
p-channel MOSFET devices than observed in n-channel MOSFETs. As the electric field is
increased, trap-to-band tunneling generation will occur, followed by the indirect bandgap
band-to-band tunneling mechanism. With a further increase in the drain-to-source vol-
tage, avalanche breakdown will occur. These high electric field effects must be addressed
in the high-current effects of the MOSFET current model given this stress mode is present
in the biasing of the MOSFET device. The high electric field enhanced leakage equations
in the prior section can be used to quantify the effects in the MOSFET structure.

ESD events leading to stressing of the MOSFET gate-to-drain region can lead to hot
carrier injection into the MOSFET drain/spacer region. During this process, the MOS-
FET drain-to-gate voltage will be modified, leading to a shifting of the electric field in
the MOSFET drain-to-gate region. In observation of the MOSFET GIDL mechanism,
shifts in the MOSFET GIDL I–V characteristics can be modified as a result of the
electrical overstress. The shifting of the MOSFET GIDL I-V characteristic is known as
MOSFET GIDL ‘walkout.’

In the next chapters, we will start looking at the physical regions of semiconductor
devices region by region. In this way, we can deconvolve the influence of the physical
region and the corresponding processes. Chapter 4 focuses on substrates.

PROBLEMS

3.1. Derive the trigger criteria for a SCR for an n-substrate wafer as a function of the
bipolar current gain of the pnp and npn devices.

3.2. Derive the trigger criteria for an SCR for an n-substrate wafer as a function of the
collector-to-emitter transport factors, 
npn and 
pnp

3.3. Derive the pnpn SCR holding current for the low-voltage, high-current state,
where there is no emitter–base shunting resistance.

3.4. Derive the pnpn SCR holding current for the low-voltage, high-current state, with
emitter–base shunting resistance.

3.5. Given the SCR holding current IH, formulate the sensitivity parameters SH
x where

SH
x � x

IH

@IH
@x
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and x are the holding current variables. Define the sensitivity parameters as a
function of the bipolar current gains, well resistance and substrate resistance.

3.6. Derive the sensitivity parameters from the holding current relationship without
the emitter resistances.

3.7. Derive the sensitivity parameter for the emitter resistances. Derive the sensitivity
parameters as a function of all the holding current relationship which includes the
emitter resistance terms.
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4 Substrates and ESD

4.1 METHODS OF SUBSTRATE ANALYSIS

In this chapter, the influence of the substrate on ESD protection is addressed from
a general approach. The substrate influences diodes, MOSFETs, bipolar transistors,
and silicon-controlled rectifiers. Substrate electrical and thermal modeling influences all
circuits and ESD elements. The general concepts and models can be applied to the
diode, the bipolar transistor, the MOSFET, and the silicon-controlled rectifier. Teach-
ing from the generalist approach, the substrate is a semi-infinite domain containing a
plurality of devices, which can be treated independently or coupled. Substrate model
concepts such as semi-infinite domain models, to transmission line models, and lossy
transmission lines, are discussed. This is followed by electrical and thermal models using
the Green’s function methods and new geometrical models. Additionally, to address
multi-finger or a plurality of elements, the transfer resistance concept, used by Ron
Troutman for latchup, is shown for more complicated scenarios and coupling phenom-
ena. These models can be used for ESD, noise or latchup. Another approach is viewing
the substrate as a stratified media. This technique and the flux-potential transfer matrix
approach are used widely at M.I.T. to address problems in continuum electromech-
anics, and in electrodynamics.

These methods are applicable for problem solving in the ESD area for variable doped
regions, SOI wafers to GaAs substrates. The substrate and substrate modeling also play
a key role in understanding silicon-on-insulator (SOI) devices. In the electrostatic
discharge (ESD) discipline considerable energy is invested in evaluating the substrate
effects at high current. The substrate also serves as a means of providing coupling within
an ESD structure, or between different elements within the ESD circuit. As a result,
evaluating from a general approach will provide some synergy to the different devices,
as well as related matters such as noise coupling, and latchup, which are synergistically
connected to ESD issues as well.

ESD: Physics and Devices Steven H. Voldman
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4.2 SUBSTRATE AS A SEMI-INFINITE DOMAIN

For the case of the semi-infinite region (Figure 4.1), we can modify the solution given by
the parallelepiped in a infinite region, by defining a boundary condition and applying
the method of images [1].

Analogous to the electrostatic problem, defining the temperature T at a point P in an
infinite space from a point heat source q at point A, and an point heat sink � q at point
A0, there exists a locus of points where the temperature is zero. This plane is the plane
which bisects the line AA0 at right angles. Hence an ‘image’ of opposite polarity and
strength for an infinite medium exists on the opposite side of the plane. The temperature
at the plane formed by the points P is equal to zero, is and satisfies the Laplace equation
in the semi-infinite half-space except at the point heat source q at point A.

It is also known that any temperature field produced by any number of point heat
sources, that we can select a constant temperature contour (e.g. isotherm) and replace it
with a thermal conductor. The heat sources on either side of the isotherm are the images
of the other side.

For the case of the adiabatic boundary condition, we need to require that the
derivative of the temperature is zero at the boundary condition. Assume the parallel
piped is displaced below an infinite plane at z¼ 0 by distance D. Let the boundary
condition at the z¼ 0 plane be an adiabatic boundary condition. This form then
assumes that the heat flux for all times t>0 is zero for all points in the plane. Given
that we are interested in the temperature field in the semi-infinite space below the plane
z¼ 0, an image source that exist on the upper half of the infinite space can be used to
provide the boundary condition of interest in the semi-infinite lower half-space.

Using a parallelepiped of identical dimensions displaced a distance D above the z¼ 0
plane, a plane of symmetry is established that has a solution where all points along the plane
z¼ 0 have the heat flux at the surface equal to zero. To solve the problem of the semi-infinite
domain, we can utilize the method of images by modification of the Green’s function in the
infinite domain so that it applies to the semi-infinite domain. From the time-dependent heat
equation, with a constant thermal conductivity and constant specific heat–mass density
product, the Laplacian of temperature is proportional to the partial derivative of tempera-
ture as a function of time. As in the problem of an infinite domain, we have

T x;x0; y; y0; z; z0; tð Þ ¼
Z t0¼t

t0¼0

dt0
Q t0ð Þ

8 �� t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

z > 0

z < 0

Figure 4.1 Semi-infinite domain and method of images
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Expressing this as a function of power dissipated in an infinitesimal volume formed
between x0 and x0 þ dx0, y0 and yþ dy0, and z0 and zþ dz0, and defining the power
dissipated as normalized to the volume V,

T x; x0; y; y0; z; z0; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þdx0dy0dz0f g

t� t0ð Þ½ �3=2
exp � r2

4� t� t0ð Þ

� �

To evaluate the temperature over all space from all infinitesimal volumes, the expres-
sion can be integrated over the infinite volume �. In the expression, the spatially
independent terms can be removed from the integration over space, and the temperature
can be expressed as

T x; y; z; tð Þ ¼ 1

8�cV ��ð Þ3=2
Z t0¼t

t0¼0

dt0
P t0ð Þ

t� t0ð Þ½ �3=2
Z
�

exp � r2

4� t� t0ð Þ

� �
dx0dy0dz0

For evaluation of a parallelepiped in an infinite medium let us assume a source has
the dimension W in the x-direction, L in the y-direction, and H in the z-direction, but
applying a parallelepiped displaced distance D below the boundary condition z¼ 0 and
an image source of equal and opposite strength above the z¼ 0 plane at z¼D

T x; y; z; tð Þ ¼ 1

8�cV �ð Þ3=2
Z t0¼t

t0¼0

0 P t0ð Þdt0

t� t0ð Þ½ �3=2
Fðx� x0; y� y0; z� z0; t� t0Þ

with

F x� x0; y� y0; z� z0; t� t0ð Þ ¼ Fxðx� x0 : t� t0ÞFyðy� y0; t� t0ÞFzðz� z0; t� t0Þ

where

Fx x� x0; t� t0ð Þ ¼
Z W=2

�W=2

exp � x� x0ð Þ2
4� t� t0ð Þ

� �
dx0ffiffiffi
�

p

Fy y� y0; t� t0ð Þ ¼
Z L=2

�L=2

exp � y� y0ð Þ2

4� t� t0ð Þ

( )
dy0ffiffiffi
�

p

Fz z� z0; t� t0ð Þ ¼
Z �D

�ðDþHÞ
exp � z� z0ð Þ2

4� t� t0ð Þ

( )
dz0ffiffiffi
�

p þ
Z DþH

D

exp � z� z0ð Þ2

4� t� t0ð Þ

( )
dz0ffiffiffi
�

p

The integral expression can be expressed as error functions using a transformation
of variables. The expression for temperature in an infinite medium can be put in the
form

T x; y; z; tð Þ ¼ 1

8C

Z t0¼t

t0¼0

P t0ð ÞHðx; y; z; t� t0Þdt0
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where V¼LWH is the volulme, and letting C¼ c�V
where we can write the function containing the spatial dependence as the product of the
error functions

H x; y; z; t� t0ð Þ ¼ Hðz; t� t0Þ
Y
i¼x;y

erf
ðLxi=2Þ þ xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4� t� t0ð Þ
p

 !
þ erf

ðLxi=2Þ � xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !" #

and

H z; t� t0ð Þ ¼ erf
zþDþHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !

þ erf
�D� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !

þ erf
z�Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !"

þ erf
DþH � zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� t� t0ð Þ

p
 !#

4.3 SUBSTRATE AS A STRATIFIED MEDIUM USING THE
TRANSFER MATRIX APPROACH

Substrate regions and semiconductors can consist of planar layers of conducting and
nonconducting regions forming a stratified medium [2,3]. For example, substrates can
consist of pþþ wafers with p-epitaxial regions, p-wafers with a pþþ heavily doped buried
layer (HDBL), strained silicon with Si/SiGe/Si regions, and even silicon-on-insulator
(SOI) forming a silicon/silicon dioxide/silicon wafer. In these problems, the electrical
and thermal variables (e.g. thermal conductivity k) are constant in the region, but
different from region to region. For many of these problems, there is little interest
within the physical region of the thermal field, but there is interest in the temperatures
and heat flux at the interfaces. For these above structures, the field–flux transfer
relations are ideal. In the case of a volumetric region where no heat generation source
is present, the Laplace equation is satisfied. The solution of the Laplace equation can be
represented as a matrix representation in terms of the relationship between the heat flux
and temperature at two interfaces. In this form, the solution can be solved using a
‘transfer matrix’ where the transfer matrix and its corresponding boundary condition
satisfies the Laplace equation. This methodology can be used in planar, cylindrical and
spherical geometric regions.

In the case of a region with boundaries, or material differences, a stratified medium
can be represented as a set of n regions where the solutions at the interfaces are of
interest, or only the relationship of the first and last outer boundaries. Multiple films of
planar films can be represented as a stratified medium (Figure 4.2) where the material
properties may vary in the different physical regions. Note that any physical regions
with variable electrical or thermal properties can be segmented into a plurality of
regions where an average electrical or thermal property is defined in that region.
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To evaluate the thermal flux and the temperature field, the system with uniform
thermal properties satisfies the Laplace equation and the flux–potential relationship

q ¼ �krT

Addressing the thermal problem, the relationship between the thermal flux from the
thermal potential on the boundaries, let us find a matrix representation of the relation-
ship of the forward heat flow from the boundary conditions of temperature. Conversely,
if we know the flux on the boundaries, we can determine the potential on the bound-
aries. The Laplace equation can be transformed according to the method of separation
of variables to address the multiple dimensional problem or one-dimensional transient
thermal analysis. Taking the case of the transient thermal heat conduction, the tem-
perature is assumed to be a function of space and time and can be expressed as

T x; tð Þ ¼ T xð Þ� tð Þ

Substitution of the function into the heat equation, the form can be represented

1

T xð Þ
d2T xð Þ
dx2

¼ 1

��

d�

dt
¼ ��2

Hence, we can solve the spatial variation independently, by solving for the second-
order form of the modified Laplace equation as

d2T xð Þ
dx2

þ �2TðxÞ ¼ 0

Let us define a temperature and heat flux at a first boundary and second boundary. A
solution of the equation by inspection, satisfies the form

T xð Þ ¼ T� sin �xð Þ
sin ��ð Þ � T� sin � x��ð Þf g

sin ��ð Þ

where the first surface � is at x¼ 0 and the second surface � is at x¼D.

ε(x1), ρ(x1), k(x1), cp(x1)

ε(x2), ρ(x2), k(x2), cp(x2)

ε(x3), ρ(x3), k(x3), cp(x3)

X = x3

X = x2

X = x1

Figure 4.2 Substrate as a stratified medium
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The derivative of temperature is

d

dx
T xð Þ ¼ T� cos �xð Þ

sin ��ð Þ � T� cos � x��ð Þf g
sin ��ð Þ

From this relationship, we can form a forward matrix relation of the derivative of
temperature at the boundaries to the temperature at the boundaries [2]

dT
dx

����
dT
dx

����
2
64

3
75 ¼ �

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 T�

T�

� �

From the relationship of heat flux to temperature we can represent this in the form

q�

q�

� �
¼ ��k

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 T�

T�

� �

This form allows for the representation of the heat flux from the temperature at the
boundaries. Representing the temperature as a function of the heat flux

T�

T�

� �
¼ � 1

�k

cot ��ð Þ �1

sin ��ð Þ
1

sin ��ð Þ � cot ��ð Þ

2
4

3
5 q�

q�

� �

From this matrix approach, a region can be represented as n regions of a uniform
property. The solution to the stratified medium can be solved using matrix multiplica-
tion. From an electric circuit analogy, each physical film can be thought of as a two-port
film where the information is zero at the terminals. This methodology can be used for
the transient one-dimensional solution or oscillatory signals that are separable accord-
ing to the form required for separation of variables.

Hence, viewing the substrate as a vertically stratified medium, the temperature and
heat flux field at the interfaces can be obtained without reevaluation of the Laplace
equation, and the evaluation is reduced to matrix multiplications. This method can be
modified to the cylinder and spherical source form where imaginary boundaries can be
used to determine the cylindrical and spherical heat fluence and temperature at the
pseudo-interfaces.

p-well

p-epi

p-substrate

ε(x1), ρ(x1), k(x1), cp(x1)

ε(x2), ρ(x2), k(x2), cp(x2)

ε(x3), ρ(x3), k(x3), cp(x3)

X = x3

X = x2

X = x1

Figure 4.3 Epitaxial wafer as a stratified medium
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Figure 4.3 is an example of the application of a stratified medium problem to an
epitaxial wafer. In an epitaxial wafer, there is a p-well region, a p-epitaxial region and a
p-substrate. In this case the region can be subdivided into regions where the temperature
and thermal fluence can be evaluated as independent regions by evaluation of the
conditions on the boundaries.

4.4 SUBSTRATE TRANSMISSION LINE MODEL

The substrate spans the physical space in a semiconductor chip, leading to both
coupling effects as well as distribution effects. The modeling of the substrate is key to
understanding the response to the circuit where the active region is influenced by the
local potential. Two primary cases are of interest.

The first case is where the element is a plurality of active elements, where each spatial
region has at least one node which are independent from the other active elements. In
this case, a common electrical node may be present, but some of the nodes can be
regarded as independent. For example, in a multi-finger MOSFET transistor, the gate
structure is common, but the source or drain nodes may be electrically independent.

A second case of interest is where there are spatially separated regions with no active
device between them. For example, a common electrical input may be connected to a
first segment of an ESD device, and at a second point in space, there is a second segment
of significant distance away wherein the second device is near a receiver network. This
occurs in ESD networks with a first primary stage near a bond pad, and a second circuit
near a receiver network within the semiconductor chip.

Substrate modeling is addressed by using lumped resistor elements under the semi-
conductor devices. In small ESD devices, typically, the substrate is modeled as a single
resistor element. In multi-finger elements, the lateral resistance between the two physical
elements can lead to different circuit responses at high current or injection into the
substrate region. To address substrate resistance effects, a different lumped resistor
element is placed under each independent active device region. The substrate is modeled
as a lateral resistance to the electrical contact region, and vertical resistances under each
physical device region.

As in the example of the stratified medium to evaluate the vertical thermal and electrical
properties, the transmission line model is useful to evaluate the lateral physics. Figure 4.4 is
an example of a vertical profile of a p-well, a p-epitaxial region and a pþ-substrate region.

A lateral model of discrete resistors can be formed to represent the substrate as a
ladder network. Figure 4.5 demonstrates the representation as a resistor ladder network.

A better representation is a full transmission line representation. For high-current
phenomena near the surface of the wafer, the substrate can be modeled as a lossy
transmission line. A lossy transmission line model is suitable for current flow between
two regions near the surface of the wafer and cases where current can flow from back-
surface contacts [4–6]. From the general form of a lossy transmission line, we can
express the current and voltage conditions as

V yð Þ ¼ V1 exp � y

�

� �
þ V2 exp �L� y

�

� �
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and

I yð Þ 1

Z0
V1 exp � y

�

� �
� V2 exp �L� y

�

� �� �

These current and voltage conditions represent a lossy transmission line with the
transmission propagating in the y-direction, whose transmission line length is L with the
loss factor, g. This is shown in Figure 4.6.

Assuming a transmission line with a termination resistanceR1 at terminal 1 and a termin-
ation resistance R2 at terminal 2, we can express the transmission line system in the form

I1
I2

� �
¼ 1

Z0

C11 C12

C21 C22

� �
V1

V2

� �

p+substrate

p-well

p-epi

NA

Depth

Figure 4.4 Cross sectional profile of a p-well/p-epi/pþ substrate wafer

Rsub 

Repi

Figure 4.5 Discrete resistor ladder network representation of substrate

γ , Z0

L

Figure 4.6 Lossy Transmission line (TL) model representation of the substrate
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where the main diagonal terms are expressed as

C11 ¼ 1þ Z0 R1=ð Þ

C22 ¼ 1þ Z0 R2=ð Þ

C12 ¼ �1þ Z0 R1=ð Þ exp �L

�

� �

C21 ¼ �1þ Z0 R2=ð Þ exp �L

�

� �

Solving for the voltage equations at terminals 1 and 2, the matrix can be inverted and
can be represented as a function of the two current conditions.

V1

V2

� �
¼ Z0

�

C22 �C12

�C21 C11

� �
I1
I2

� �

where the determinant is D¼C11C22�C12C21.
From this form, the voltage between two points in the substrate can be evaluated,

and the input impedance can be solved as a function of the characteristic impedance, the
reflection coefficient and the loss factor. The input impedance can be expressed as

Zin ¼ V 0ð Þ
I 0ð Þ ¼ Z0

1þ �Rexp � 2L
�

n o
1þ �Rexp � 2L

�

n o

and the reflection coefficient can be expressed as

�R ¼ V2

V1 exp �L
�

n oh i

The transmission line case can be simplified by addressing the case that current is not
flowing to terminal 2. This can represent the case of the current flowing to a second
region such as the back surface of the wafer. In this case, the surface potential may be
equal the transmission line voltage. This can be solved for from the matrix relationship,
as

V1

V2

� �
¼ Z0

�

C22 �C12

�C21 C11

� �
I1
0

� �

where

 s yð Þ ¼ V yð Þ ¼ V1 exp � y

�

� �
1þ �Rexp � 2 L� yð Þ

�

� �� �
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and

I yð Þ ¼ 1

Z0
V1 exp � y

�

� �
1� �Rexp � 2 L� yð Þ

�

� �� �

and

V1 ¼
Z0

�
C22I1

In the case of a MOSFET transistor, current is flowing from the device to the
substrate contact during an ESD event. In the case of a ESD diode network, the current
flows from a diode junction to the substrate contact. In the case where a single element
is involved in the interaction, and only one substrate contact is local to the element, we
can assume the current flowing from the substrate is flowing from the first terminal to a
second terminal, where the first terminal is a contact, and the second is an element. If
the physical device is wide, we can ignore current flowing in the z-direction of the
transmission line. In these cases, the contact are on the top of the physical wafer.

For the case where the current flowing from the first terminal equals that of the
second terminal, then I2¼�I1. The expressions for V1 and V2 coefficients can be
expressed as a function of the current I1, and the loss factors in the transmission line

V1

V2

� �
¼ Z0

�

C22 �C12

�C21 C11

� �
I1
�I1

� �

and surface potential,

 s yð Þ ¼ V yð Þ � V Lð Þ ¼ V1 exp � y

�

� �
� V2

� �
1� exp � 2 L� yð Þ

�

� �� �

Generalizing this approach, we can assume that the current in one element is related
to the second, but that they are not equal. This can be represented as a percentage of the
first term. Hence a third derivation can assume that I2¼��I1 where � is a percentage of
the current.

V1

V2

� �
¼ Z0

�

C22 �C12

�C21 C11

� �
I1

��I1

� �

To address the case where surface structures are present along the interface between
the points of interest, the substrate can be represented as a plurality of transmission lines
in series, where insertion resistors, or stubs and other elements can interrupt the
transmission line terminations. The voltage and current conditions can use matrix
multiplication to introduce the terminations and boundary conditions. For example,
along the interface, there are nþ implants and other diffusions which can modify the
current and voltage characteristics along the surface. In this fashion, multiple elements
can intersect the transmission line, to address more complicated circuit environments.
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4.5 SUBSTRATE LOSSY TRANSMISSION LINE MODELS

The substrate transmission line model characteristics will be a function of the doping
concentration profile in the substrate. The doping concentration profile will have a
strong effect on the loss characteristics of the transmission line model [4–6].

The cases of interest primarily are the heavily doped substrate with a thin epitaxial
region, and the lightly doped substrate.This structure has been implemented to improve
CMOS latchup, and soft error rate (SER) concerns [7–13]. For the p-type heavily doped
substrate, the cases of interest are the lightly doped epitaxy without a p-well implant, the
p-well case with an epitaxial flat zone, and the case of the p-well with a connecting
implant. For the the lightly doped substrate, the types of substrate models of interest are
the p-well with p-wafer, the p-wafer with heavily doped buried layer, and the lightly
doped wafer with the heavily doped buried layer and a termination implant. Addition-
ally, this can be utilized for models of n-substrates and triple wells. In all cases, the
transmission line representation must address the transmission line loss factor, the
characteristic impedance, and the termination resistances.

Troutman showed that a transmission line representation can be determined if we
regard the system as a conductive region near the device surface, a second conductive
region below the surface, and two termination resistors between the two conductive
regions. This forms the lossy transmission line with the termination resistances related
to the ‘up’ resistance between the two physical regions.

For the lossy transmission line development, the loss factor and the characteristic
impedance are important for the evaluation. These can be expressed as the series
resistance and the shunt conductance. The loss factor can be expressed as

� ¼ 1ffiffiffiffiffi
rg

p

and the characteristic impedance

Z0 ¼
ffiffiffi
r

g

r

The series resistance per unit length can be evaluated as

r ¼ 1

W

1R x1
0 	 xð Þdx

where the integration is completed to an arbitrary depth where one initiates the trans-
mission line conductive plate. For the case of the implant near the device surface, with a
background doping of Nepi, we can define a concentration for the surface region as

NA xð Þ ¼ Nepi þNA exp � x� x0ffiffiffiffiffiffi
2	

p
� �2( )
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In this case, the doping profile may represent a field surface implant, or a p-well
region. The series resistance per unit length can be represented as

r ¼ �0
WTf

where

�0 ¼
1

q
0NA

and Tf is expressed as a function of the number of Gaussian profile standard deviations,

Tf ¼ n	

Troutman showed that this can be represented as a dimensionless factor n which is a
function of the Gaussian profile, or

n ¼
ffiffiffi
�

2

r
1þ erf


ffiffiffiffiffiffi
2	

p
� �� �

þ x1
Nepi

	NA

In the case of a pþþ substrate, or a pþþ buried layer, there is a conductive shunt to the
lower ‘plate’ of the transmission line. Let us define a shunt conductance per unit length
of

g ¼ W

�epi Tepi þ �
	 


where the epitaxial resistivity is

�epi ¼
1

q
pNepi

and the effective thickness is determined by the epitaxial flat zone at the end of the
surface implant (or p-well), and the beginning of the pþ substrate (or pþþ buried layer).
In the pþþ substrate model case, Troutman added an effective depth factor to address
the extra effective thickness between the epitaxial flat zone and the heavily doped flat
zone of the pþþ wafer to add an increase in the epitaxial effective resistance.

For the pþþ wafer, a concentration profile can be assumed to be equal to

Nsub xð Þ ¼ Nsub

2
erfc

x� xe

x0

� �
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where we determine the epitaxial depth position from above expression, letting x2¼ xe.
From this we can express the effective depth parameter as

� ¼ x0

2
erfc�1 2Nepi

Nsub

� �

Substituting these expressions into the loss factor and characteristic impedance
relationships

� ¼ 1ffiffiffiffiffi
rg

p ¼ Tepi

Tf �epi 1þ �=Tepi

	 

Tepi�0

� �1=2

and

Z0 ¼
ffiffiffi
r

g

r
¼
�epi Tepi þ �
	 

W�

For the case of the pþþ buried layer implant, the model can be modified by treating the
buried layer as a second series resistance term in parallel with the first series resistance
term. In this case, the shunt conductance term would not include the effective depth
factor. In the buried layer analysis, the second series resistance term determines the series
resistance by integration over the buried layer implant. The buried layer implant would be
represented by a two-sided Gaussian profile and the integration of the series resistance
would integrate over the conductance. The epitaxial thickness boundary point would
coincide with the bounds of the integration of the buried layer implant.

The terminations of the lossy transmission line is a function of the process implants.
In the case of the heavily doped buried layer implant, a heavy doped implant can be
used to connect the layer to the substrate contact, providing a low resistance shunt
between the surface and the buried layer. This provides a low resistance termination of
the line for ESD and latchup events.

4.6 SUBSTRATE ABSORPTION, REFLECTION AND
TRANSMISSION

Minority-carrier injection into the substrate region influences ESD devices, CMOS latchup
and noise. In a substrate region, there are doping concentration gradients vertically and
laterally. The substrate region can also have doping concentration variation with transi-
tions between those regions. At the device surface, structures can interfere in the transport
of minority carriers across the substrate. With the complexity of integrated electronics, or
the structures, to evaluate these analytically in the lateral dimension can be quite difficult.
In many problems, we are not interested in the carriers between, but between a first
injecting source region at x¼ 0, and a second collecting region at some point x¼L.

Analytical methods to determine the lateral effects of the substrate are difficult when
there are physical regions which are preventing the current flow, or collecting excess
minority carriers. For example, n-diffusions such as n-channel MOSFETs, n-wells, and
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n-band triple-well structures can collect minority-carrier electrons in the substrate
leading to the collection of the carriers. Additionally, minority-carrier recombination
can occur in buried layers, guard rings and other heavily doped pþþ regions within the
physical substrate. Deep trench guard ring structures can also prevent lateral current
flow as well as a region of surface recombination.

A method to evaluate the minority carrier transport in the substrate, we can propose a
first method treating the region between two points in the substrate. A first method is to
regard each physical domain as an independent domain with a defined width and a first
and second surface. This modifies the region from a single domain to a stratified medium.
From this approach, a matrix approach can be established where the probability that an
electron travels from x¼ 0 to x¼L is the product of the probabilities of traversing the n-
domains of the n-region stratified medium. In order to evaluate the net probability, the
transmission coefficient from a first surface to a second surface is required. Finding the
transmission coefficient from the first and second boundary, the net transmission is the
product of the transmission coefficients or matrices. In the domains, the carriers are either
absorbed, reflected or transmitted. Absorption occurs when the carriers are collected at a
metallurgical junction, or recombine. Reflection can occur when the interface is a trench
interface. Carriers that are transmitted from a first surface to a second without recombi-
nation or collection essentially ‘escape’, leading to transmission.

This method determines the minority carrier current from a first point to a second
point and can accurately address surface structures which are typically ignored in the
substrate analysis methods. This method does not determine the voltage and current
potentials as is achieved in the substrate transmission line model method.

In semiconductor wafers, there are uniform profiles with low doping concentration.
There are also wafers with substrate wafers with high doping concentration, and thin-
film low-doped epitaxial films.

4.7 SUBSTRATE ELECTRICAL AND THERMAL DISCRETIZATION

For ESD simulation, the modeling of the substrate is important for understanding
thermal and electrical coupling effects [14]. For the electrical properties, we can state

X = 0

X = L

Φ(x = L)

Φ(x = 0)

I

I

Figure 4.7 Transfer matrix representation of the substrate
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r � "r ð Þ ¼ �q p� nþND þNAð Þ

@n

@t
¼ þ 1

q
r � Jn þ Gðn; pÞ � Rðn; pÞ

@p

@t
¼ � 1

q
r � Jp þ Gðn; pÞ � Rðn; pÞ

and the thermal relationship can be shown as

c
@T

@t
þr � JQ ¼ H

where H is the Joule heating, the Thomson heating and recombination–generation
heating drive terms. Near the surface of a device, these terms are significant, but in
the substrate region, the following terms can be regarded as small compared with the
terms on the left-hand side of the heat equation

E ¼ Jn
2

	n
þ Jp

2

	p

E ¼ T rPn � Jn �rPp � Jp
� �

E ¼ qR �p � �n þ T Pp þ Pn

	 

 �
then we can approximate the substrate interaction as a homogeneous differential
equation with variable coefficients

c
@T

@t
þr � JQ ¼ 0

This development assumes that the Joule heating, and recombination energy is small
compared with the heat flux and temperature gradient. From this relationship, the
divergence of the heat flux density can be expressed as

r � JQ ¼ �c
@T

@t

For an infinitesimal volume, it is known from the divergence theorem, that the
divergence of the heat flux is equal to the heat flux through the surface. Consider a
control volume surrounding a nodal point i, then

ZZZ
�i

r � Jd� ¼
ZZ
Si

JdS ¼
ZZZ
�i

� c
@T

@t

� �
d�
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Hence

ZZ
Si

JdS ¼
ZZZ
�i

�c
@T

@t

� �
d�

This expression can be put into a discrete formulation between node i and all nodes j
which are nearest neighbors. Then we can put in the form

ZZ
Si

JdS ¼
X
j

JijSij ¼
X
j

Jijwijdij ¼ �c
@T

@t

� �
i

* +
�i

where the surface between node i and node j is represented as dimensions w, and d.
From this form, we can also state

r � J ¼ 1

�i

X
j

Jijwijdij

From the heat conduction equation, we can apply the discretization over a volume
element as

�ici
@Ti

@t
þ �i r � JQ

� �
i
¼ 0

Then, substituting in the expression for the divergence of the thermal flux

�ici
@Ti

@t
þ �i

1

�i

X
j

Jijwijdij

( )
¼ 0

Expressing the incremental heat flux as the local thermal conductivity of the ith
element, and the temperature differential between the temperature at node i to node j
divided by the spacing between the two nodal points,

Jij ¼ �ki
Ti � Tj

hij

Substituting in the discrete form of the heat flux

�ici
@Ti

@t
þ �i

1

�i

X
j

ki
Ti � Tj

hij
wijdij

( )
¼ 0
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Regrouping the terms

�icif g @Ti

@t
þ

X
j

ki
wijdij

hij
ðTi � TjÞ

( )
¼ 0

From the above expression, we can define the thermal capacitance for a volume
element as

Ci ¼ �ici

and thermal conductance for the volume element i from the ith element to the jth
element

Gij ¼ ki
wijdij

hij

Ci
@Ti

@t
þ

X
j

GijðTi � TjÞ
( )

¼ 0

This expression for a nodal point i in a discretized mesh remains valid assuming it can
be used to define the thermal capacitance and thermal conductances at a given point. In
a three-dimensional rectangular mesh, the electrical analog is six conductance elements
from the node i to all nodes j in each direction, and a capacitor element whose electrode
is from node i to the thermal sink plane.

In this form, we can relate the substrate formulation for the thermal representation
and its associated electrical representation. From the constitutive relationships we have
shown

Jn ¼ �q
nnE þ qDnrnþ qnDn
TrT

Jp ¼ �q
ppE � qDprpþ qpDpTrT

Normalizing the constitutive relationship for electrons, and substituting in the elec-
trical field as the gradient of the potential

Jn

q
nn
¼ �rV þ qDn

q
nn
rnþ qnDn

q
nn
rT

Letting

Jn

q
nn
¼ �rV þDn


n

rn

n
þDn


n
rT

155SUBSTRATE ELECTRICAL AND THERMAL DISCRETIZATION



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH004.3D – 156 – [139–172/34] 6.8.2004 10:17AM

or

Jn

q
nnVth
¼ �rV

Vth
þrn

n
þrT

From this form, we can make the assumption that, if over an incremental distance the
normalized electrical potential change is significantly greater than the normalized
change in the carrier density or the thermal gradient, then the system reduces to a
drift-dominated system, where the diffusion current and temperature gradient drive
terms are assumed negligible.

The carrier transport expressions can be assumed to be drift dominated, where

Jn ¼ �q
nnrV

Jp ¼ �q
pprV

From the current continuity expression,

@n

@t
� 1

q
r � Jn ¼ G� R

@p

@t
þ 1

q
r � Jp ¼ G� R

We can show for an n-type substrate, where r is the resistivity

q
@p

@t
� @n

@t

� �
¼ �r � Jn þ Jp

� �
¼ 1

�
r � Ef g

By differentiation of Gauss’ law for semiconductors with respect to time

@

@t
r � "r ð Þ ¼ @

@t
�q p� nþND þNAð Þf g ¼ �q

@p

@t
� @n

@t

� �

From the two above equations, the time and spatial variation of the electric field can
be shown to be equal to

"
@

@t
r � Ef g þ 1

�
r � Ef g ¼ 0

From this form, it is evident that the temporal response of the substrate is associated
with the relationship of the characteristic time scale and the charge relaxation time.
Putting the expression in a normalized time formulation it is evident that

@

@ t="�ð Þ r � Ef g þ r � Ef g ¼ 0
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The charge relaxation time is a microscopic form of the effective RC time of the
medium. The discretization of this expression can be formed where

r � E ¼ 1

�i

X
j

Eijwijdij

such that

"
@

@t

1

�i

X
j

Eijwijdij

( )
þ 1

�

1

�i

X
j

Eijwijdij

( )
¼ 0

Substituting for the potential difference for a incremental surface between

Eij ¼
Vi � Vj

hij

1

�i

X
j

"wijdij
@

@t

Vi � Vj

hij

� �( )
þ 1

�i

X
j

	wijdij
Vi � Vj

hij

� �( )
¼ 0

Then, we can express the system as

X
j

Gij Vi � Vj

	 

þ Cij

@Vi

@t
� @Vj

@t

� �
¼ 0

where we define the electrical conductance and capacitance terms as

Gij ¼ 	
wijdij

hij

Cij ¼ "
wijdij

hij

In this form, the conductance and capacitance terms are in parallel for each of the six
faces of the volumetric region from nodal point i to all adjacent nodes j. Hence, the
electrical model of the substrate is associated with the effective RC time of the substrate.
The dynamic of the substrate is a function of the characteristic time of interest relative
to the effective RC time of the substrate. If the conductivity of the substrate is large, the
carriers can screen out the electrical field allowing for the medium to establish equilib-
rium. For highly resistive substrates, the electrical fields require a longer time to damp
the transient electrical fields.

4.8 SUBSTRATE EFFECTS: ELECTRICAL TRANSFER
RESISTANCE

For electrostatic discharge phenomenon, the modeling of the substrate is important for
understanding thermal and electrical coupling effects. Troutman applied the concept of
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transfer resistance to the substrate to address latchup-related coupling phenomenon [6].
In two dimensions, the network can be represented as a ladder network (Figure 4.8).

Figure 4.9 addresses the case of three dimensions and multiple elements in a common
substrate. When there are multiple elements contained within a common substrate, the
substrate potential for a given element is dependent on the voltage drops or current in
the system [15].

Given n elements contained in a common substrate, we can define a general system
with a relationship to n currents as

V1

V2

� � �
� � �
Vn

2
66664

3
77775 ¼

R11 R12 � � � � � � R1n

R21 R22 R2n

� � � � � �
� � � � � �
Rn1 Rn2 � � � � � � Rnn

2
66664

3
77775

I1
I2
� � �
� � �
In

2
66664

3
77775

Representing the resistance expression as a second-order tensor with and the voltage
and current as a first-order vector

Vi ¼ RijIj

Rsub

Repi

Figure 4.8 Transfer resistance representation of substrates as a ladder network

Figure 4.9 Three-dimensional resistive substrate matrix with a plurality of inputs
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or

Vi ¼
Xj¼n

j¼1

RijIj ¼ Ri1I1 þ Ri2I2 þ Ri3I3 þ . . .þ RinIn

In this formulation, the resistance terms of the main diagonals are ‘self-resistance’
terms and the off-diagonal elements are ‘mutual resistance’ terms or transfer resistance
terms. In this form, the influence on the ith element is a function of the current injected
into the substrate from the other elements.

In the case where there is a local substrate contact for every element, and weak
coupling, then we can assume that

Rij ¼ 0 8i 6¼ j

V1

V2

� � �
� � �
Vn

2
66664

3
77775 ’

R11 0 � � � � � � 0
0 R22

� � � � � �
� � � � � �
0 � � � � � � � � � Rnn

2
66664

3
77775

I1
I2
� � �
� � �
In

2
66664

3
77775

In this case the individual elements can be treated as independent elements, with no
interaction through the substrate.

In the case that there are n elements, but only m elements are connected to the
common substrate contact, and all n–m elements have independent substrate contacts,
then the form of the matrix can be described as

V1

V2

� � �
Vm

� � �
Vn�1

Vn

2
666666664

3
777777775
¼

R11 R12 � � � R1m 0 0 0
R21 R22 R2m 0 0 0
� � � � � � 0 0 0
Rm1 Rm2 Rmm 0 0 0
0 0 0 0 � � � 0 0
0 0 0 0 0 Rn�1n�1 0
0 0 0 0 0 0 Rnn

2
666666664

3
777777775

I1
I2
� � �

In�1

In

2
666666664

3
777777775

The second-order resistance tensor main diagonal terms can be estimated from the
physical resistance of the device to a common plane in the substrate region. This can be
achieved through device simulation or analytically. This resistance may be comprised of
a series of resistance elements in which the injected current flows. The off-diagonal
terms of the second-order resistance tensor can be obtained through simulation or
analytically. These are associated with the influence of the substrate potential under
the ith element as a result of injected current at the jth element

In the solution by Li et al. [15], the transfer resistance was expressed in the form of an
m� n� p matrix of transfer resistances, where there are m injection current sources,
n substrate contacts, and p locations of interest. In this form, it can be expressed as

Rk
ji ¼ Vk

ji Ii=
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where i is the index for the m injection sources, j is the index of the p locations of
interest, and k is for the n substrate contacts. In this form, the transfer matrix terms can
be solved for the m injection locations, and n substrate contacts. This can be applied to
multiple devices, or multi-finger elements.

4.9 SUBSTRATE EFFECTS: THERMAL TRANSFER RESISTANCE

To understand of the thermal temperature in a multiple element system common to a
given substrate, we can analogously derive the following relationship to understand the
thermal coupling for the thermal electrical model. When there are multiple elements
contained within a common substrate, the substrate local temperature for a given
element is dependent on the temperature variation in the system from surrounding
elements. The temperature is equal to the product of power and thermal impedance

T ¼ P�TH

Hence, given n elements contained in a common substrate, we can define a general
system with a relationship to n currents as

T1

T2

� � �
� � �
Tn

2
66664

3
77775 ¼

�11 �12 � � � � � � �1n
�21 �22 �2n
� � � � � �
� � � � � �
�n1 �n2 � � � � � � �nn

2
66664

3
77775

P1

P2

� � �
� � �
Pn

2
66664

3
77775

Representing the thermal resistance expression as a second-order tensor and the
temperature and power as first-order vectors

Ti ¼ �ijPj

or

Ti ¼
Xj¼n

j¼1

�ijPj ¼ �i1P1 þ �i2P2 þ �i3P3 þ . . .þ �inPn

In this formulation, the thermal resistance terms of the main diagonals are ‘self-
thermal resistance’ terms and the off-diagonal elements are ‘mutual thermal resistance’
terms or transfer thermal resistance terms. In this form, the influence on the ith element
is a function of the power injected into the substrate from the other elements.

In the case where there is a local substrate thermal contact for every element, and
weak coupling, then we can assume that

�ij ¼ 0 8i 6¼ j

160 SUBSTRATES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH004.3D – 161 – [139–172/34] 6.8.2004 10:17AM

T1

T2

� � �
� � �
Tn

2
66664

3
77775 ’

�11 0 � � � � � � 0
0 �22
� � � � � �
� � � � � �
0 � � � � � � � � � �nn

2
66664

3
77775

P1

P2

� � �
� � �
Pn

2
66664

3
77775

In this case the individual elements can be treated as independent elements, with no
interaction through the substrate.

In the case that there are n elements, but only m elements are connected to the
common thermal substrate contact, and all n–m elements have independent thermal
substrate contacts, then the form of the matrix can be described as

T1

T2

� � �
Tm

� � �
Tn�1

Tn

2
666666664

3
777777775
¼

�11 �12 � � � �1m 0 0 0
�21 �22 �2m 0 0 0
� � � � � � 0 0 0
�m1 �m2 �mm 0 0 0
0 0 0 0 � � � 0 0
0 0 0 0 0 �n�1n�1 0
0 0 0 0 0 0 �nn

2
666666664

3
777777775

P1

P2

� � �

Pn�1

Pn

2
666666664

3
777777775

The second-order thermal resistance tensor main diagonal terms can be estimated from
the physical thermal resistance of the device to a common plane in the substrate region.
This can be achieved through device simulation or analytically. This thermal resistance may
be comprised of a series of thermal resistance elements in which the injected power flows.
The off-diagonal terms of the second-order thermal resistance tensor can be obtained
through simulation or analytically. These are associated with the influence of the thermal
substrate potential under the ith element as a result of injected power at the jth element.

Analogous to the method of Li [15], the thermal transfer resistance can be expressed
in the form of an m� n� p matrix of transfer resistances, where there are m injection
power sources, n thermal sinks, and p locations of interest. In this form, it can be
expressed as

�kji ¼ Tk
ji Pi=

where i is the index for the m thermal sources, j is the index of the p locations of interest,
and k is that for the n substrate thermal contacts

4.10 SUBSTRATE THERMAL RESISTANCE MODELS

4.10.1 Variable Cross-section Model

Substrate resistance models are important to evaluate the electrical resistance, and
thermal resistance for evaluation of the power to failure and peak temperature
[16–19]. When a semiconductor device discharges current into a semi-infinite region,
the current density as a function of angle is nonuniform when the substrate contact
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region is in the z-direction. The current density decreases as a function of rotational
angle, leading to a region where the current density is negligible. In this analysis, the
boundary conditions are simplified to allow a simple solution. For the purposes of
modeling, a conical section can be defined which assumes an adiabatic virtual boundary
which does not allow the flow of current outside some defined cross section A(z) which
is variable in the z-direction [18,19]. This method avoids Green’s functions, and thermal
mixed boundary conditions.

Additionally, near the surface of a semi-infinite region, isolation regions exist which
prevent the lateral current transport whose cross-section regions are variable in the
z-direction. Semiconductor structures are defined by LOCOS isolation, shallow trench
isolation (STI), deep trench (DT) and V-groove structures. The region in which the
current is flowing can be of increasing area or decreasing area, dependent on the slope of
the region sidewalls. For the electrical current, the current does not flow through the
physical boundaries. For thermal effects, if the heat flux is assumed negligible at short
time scales, it can be assumed the perimeter is adiabatic and all heat flux does not flow
through the insulating regions.

Generalizing the expression for thermal resistance, under the above assumptions, we
can define the thermal resistance as a series or integral of thermal resistances with a
variable cross-section,

RTH ¼
Z

dz

�ðzÞA zð Þ

Assuming a rectangular parallel surface of length l and width w, a three-dimensional
trapezoidal region can be defined such that the area increases in the z-direction as a
fixed angle in both the directions, where the length and width are increasing with the
same defined angle. The length and width follow the form

w zð Þ ¼ w0 þ 2z tan �

l zð Þ ¼ l0 þ 2z tan �

where the form of the thermal resistor is

RTH ¼
Z L

0

dz

�ðzÞ wo þ 2z tan �ð Þ lo þ 2z tan �ð Þ

The thermal resistor expression above assumes the area is increasing with depth. This
development can be used in a region which is decreasing in area with the dimension z as
well (e.g. silicon region in a V-groove insulator or sloped sidewall).

The above expression can be expressed as

RTH ¼
Z L

0

dz

4� zð Þ tan2 � zþ �ð Þ zþ �ð Þ
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where

� ¼ w0

2 tan �

and

� ¼ l0

2 tan �

From the integration method of partial fractions, the undetermined coefficients are
obtained, and the integral can be put in the following form

RTH ¼
Z L

0

dz

4� zð Þ tan2 �
1

� � �

� �
1

zþ �
� 1

zþ �

� �

In this form, it is clear that the integrals can be represented as natural logarithms. To
simplify the form, we will assume the thermal conductivity is not a function of depth.
Solving the integrals and applying the identity for the subtraction of natural logarithms

RTH ¼ 1

4� tan2 �

1

� � �
ln

zþ �

zþ �

� �� �L
0j
¼ 1

4� tan2 �

1

� � �
ln

Lþ �

Lþ �

� �
� ln

�

�

� �� �

Applying the identity for the subtraction of natural logarithms and substituting in for
the variables, the general expression can be expressed as

RTH ¼ 1

2� tan �

1

l0 � w0

� �
ln

2Lþ w0= tan �ð Þ
2Lþ l0= tan �ð Þ

l0= tan �ð Þ
w0= tan �ð Þ

� �

This expression can be simplified in a few cases. For the first case assume that the
length is significantly greater than the width expression
Case I: 2L�w0/tan �

RTH ¼ 1

2� tan �

1

l0 � w0

� �
ln

l0

w0

l

� �

where


l ¼
1

1þ l0
2L tan �

	 

Case II: 2L�w0/tan � and 2L� l0/tan �, the expression simplifies to the form

RTH ¼ 1

2� tan �

1

l0 � w0

� �
ln

l0

w0

� �
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The integral expression can be approximated as a Taylor expansion

ln x ’ x� 1

x
þ 1

2

x� 1

x

� �2

þ � � �

The expression can be simplified as

RTH ¼ 1

2� tan �

1

l0 � w0

� �
ln

l0

w0

� �
’ 1

2� tan �

1

l0 � w0

� �
l0 � w0

l0
þ 1

2

l0 � w0

l0

� �2
" #

RTH ¼ 1

2� tan �

1

l0 � w0

� �
ln

l0

w0

� �
’ 1

2�l0 tan �

This shows that the result is associated with a characteristic dimension of the device.
In another development using a Green’s function approach, the simplification of the
expression reduced to the form

RTH ¼ 1

4�
ffiffiffiffiffiffiffiffiffi
l0w0

p

From the Green’s function approach of Joy and Schlig [1], the characteristic length is
the arithmetic mean of the width and length.

4.10.2 Variable Elliptical Cross-section Model

Evaluation of the thermal resistance for an elliptical region with variable cross-section
as a function of depth with insulating sidewalls can be obtained in the same fashion as
the rectangular structure. The equation of the ellipse in the x- and y-directions where z is
a parameter of the minor and major axis, is

x2

a2 zð Þ þ
y2

b2 zð Þ ¼ 1

The area of the ellipse is calculated by integration with respect to x

A zð Þ ¼ 2

Z x¼aðzÞ

x¼�aðzÞ
yðx; zÞj jdx ¼ 4

Z x¼aðzÞ

x¼0

b zð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

a zð Þ2

s
dx

A zð Þ ¼ 4
bðzÞ
aðzÞ

Z x¼aðzÞ

x¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2ðzÞ � x2

q
dx ¼ 4bðzÞ

aðzÞ
x

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � x2

p
þ a2ðzÞ

2
sin�1 x

a

� �� � a

0

¼ �a zð Þb zð Þ
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Generalizing the expression for thermal resistance, under the above assumptions, we
can define the thermal resistance as a series or integral of thermal resistances with a
variable cross-section

RTH ¼
Z

dz

�ðzÞA zð Þ ¼
Z L

0

dz

�� zð Þ aðzÞbðzÞf g

A three-dimensional trapezoidal region can be defined such that the area increases in the
z-direction as a fixed angle in both the directions

a zð Þ ¼ a0 þ 2z tan �

b zð Þ ¼ b0 þ 2z tan �

The above expression can be expressed as

RTH ¼
Z L

0

dz

�� zð Þ tan2 � zþ �ð Þ zþ �ð Þ

where

� ¼ a0

tan �

and

� ¼ b0

tan �

From the integration method of partial fractions, the undetermined coefficients are
obtained, and the integral can be put in the following form

RTH ¼
Z L

0

dz

�� zð Þ tan2 �
1

� � �

� �
1

zþ �
� 1

zþ �

� �

In this form, it is clear that the integrals can be represented as natural logarithms. To
simplify the form, we will assume the thermal conductivity is not a function of depth.
Solving the integrals and applying the identity for the subtraction of natural logarithms

RTH ¼ 1

�� tan2 �

1

� � �
ln

zþ �

zþ �

� �� �L
0j
¼ 1

4� tan2 �

1

� � �
ln

Lþ �

Lþ �

� �
� ln

�

�

� �� �

Applying the identity for the subtraction of natural logarithms and substituting in for
the variables, the general expression can be expressed as

RTH ¼ 1

�� tan �

1

b0 � a0

� �
ln

L tan �þ a0ð Þ
L tan �þ b0ð Þ

b0ð Þ
a0ð Þ

� �
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This expression can be simplified in a few cases. For the first case assume that the
length is significantly greater than the width expression
Case I: 2L� a0/tan �

RTH ¼ 1

�� tan �

1

b0 � a0

� �
ln

b0

a0

b

� �

where


b ¼
1

1þ b0
L tan �

� �

Case II: 2L� a0/tan � and 2L� b0/tan �, the expression simplifies to the form

RTH ¼ 1

�� tan �

1

b0 � a0

� �
ln

b0

a0

� �

The integral expression can be approximated as a Taylor expansion

ln x ’ x� 1

x
þ 1

2

x� 1

x

� �2

þ � � �

The expression can be simplified as

RTH ¼ 1

�� tan �

1

b0 � a0

� �
ln

b0

a0

� �
’ 1

�� tan �

1

b0 � a0

� �
b0 � a0

b0
þ 1

2

b0 � a0

b0

� �2
" #

RTH ¼ 1

�� tan �

1

b0 � a0

� �
ln

b0

a0

� �
’ 1

��b0 tan �

For the case of a 45 � angle

RTH ’ 1

��b

For the case of a conical region with insulating sidewalls (Figure 4.10)

RTH ¼
Z

dz

�ðzÞA zð Þ ¼
Z L

0

dz

� zð Þ �r2ðzÞf g ¼
Z L

0

dz

� zð Þ � r0 þ z tan �ð Þ2
n o

RTH ¼ 1

�� tan2 �

Z L

0

dz

zþ r= tan �ð Þ2
¼ 1

�� tan2 �

L

Lþ r0= tan �

� �
1

r0= tan �

� �� �
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When the substrate length L is significantly larger than the radius

RTH ’ 1

��r0 tan �

where for the angle of 45 �

RTH ’ 1

��r0

Note that this solution is consistent with the elliptical solution. From the elliptical
solution and the Taylor expansion of the natural logarithm solution, in the limit that the
minor and major axis are equal, the result, where a approaches b, is

RTH ¼ 1

��

1

b0 � a0

� �
ln

b0

a0

� �
’ 1

��

1

a0

1

b=a�1

� �
b=a� 1

b=a
þ . . .

� �
¼ 1

��b

From this derivation, we have shown that, for the case of an elliptical region or circular
region whose current spreading can be treated as a virtual where a minimal current flow
passes, or a real insulator boundary which does not pass current, a solution exists for both
the electrical and thermal problems. In all cases, when the length of the elliptical or
circular region is significantly larger than the size of the plane dimensions, the thermal
(or electrical) resistance is associated with a characteristic length of the plane dimension.

4.10.3 Back-surface Substrate Lumped Analytical Model

A lumped analytical model for substrate resistance associated with a back-surface
contact is given by Schutz, Selberherr, and Potzl, using a substrate current spreading
angle �, a wafer thickness t, width parameter w, and silicon resistivity rs[19]. This
substrate resistance term can be expressed as

Rsub ¼ �s
2 tan �

ln
w tð Þ
w

� �

J(r,z)

θ 

Figure 4.10 Thermal resistance substrate model with a conical insulating boundary condition
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where the width forms a conical region to the back of the semiconductor chip. In this
fashion, we can express the width of the region, as a function of the spreading angle of
current

w tð Þ ¼ wþ 2t tan �

where

Rsub ¼ �s
2 tan �

ln
wþ 2t tan �

w

� �

The model is for evaluation of the electrical substrate resistance for a back-surface
contact. This model can be adapted to models of the device on the surface to evaluate
the substrate resistance effect on the device when a back-surface contact is present.

4.11 HEAVILY DOPED SUBSTRATES

Heavily doped substrate wafers have a significant effect on the ESD robustness of
semiconductor components and ESD networks. Heavily doped wafers have significant
advantages for semiconductor chips. They have short recombination times due to the
Auger recombination process. As a result, they provide good resilience to ionized charge
events such as a-particles, cosmic rays and heavy ion events. Heavily doped substrates
offer low soft error rate (SER), and low sensitivity to CMOS latchup. Heavily doped
substrates also lower the requirement and sensitivity of substrate contact spacing and
design. Heavily doped substrate wafers also had a significant effect on ESD design and
results. The heavily doped substrate provided a low resistance shunt to the substrate
which was an advantage for some ESD designs and disadvantage for others [7–13].

The pþþ wafer can be represented as a concentration profile of the form of the
complementary error function

Nsub xð Þ ¼ Nepi þ
Nsub

2
erfc

x� xe

x0

� �

In the case of the MOSFET device, the heavily doped substrate led to an increase in
the MOSFET snapback voltage. In order for MOSFET snapback to occur, the source-
to-substrate voltage must be established, and it must be greater than or equal to the
product of the substrate current times the substrate resistance. From the current
equation condition for latchup

Vbe5IsxRsub

As the substrate resistance is decreased, the MOSFET must achieve a higher sub-
strate current to undergo MOSFET snapback. Hence, from the MOSFET current
relationship

Vbe5 M � 1ð Þ IDS þ ICð Þ � IB½ �Rsub

168 SUBSTRATES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH004.3D – 169 – [139–172/34] 6.8.2004 10:17AM

As a result the first term in the bracket must increase significantly as the substrate
resistance is decreased. Additionally, in a multi-finger MOSFET structure, because only
some of the electrical nodes are coupled, different MOSFET fingers do not turn on all at
the same voltage. It is an advantage in this case to have the thermal instability voltage
Vt2 exceed the electrical instability voltage Vt1. When MOSFET snapback, Vt1 exceeds
Vt2, all MOSFET fingers do not turn on. Hence, the ESD robustness of a multi-finger
MOSFET decreases. As a result of this effect, the ESD robustness of a MOSFET in a pþ

substrate is significantly lower than in a p-substrate wafer.
In the case of a diode structure, the ESD robustness of diode structures significantly

improves with a pþþ substrate wafer. Using an n-well-to-substrate diode element, the
pþþ substrate region provides a low diode series resistance to the bulk substrate region.
The n-well-to-substrate metallurgical junctions are designed such that the n-well regions
abut the transition doping concentration between the epitaxy doping concentration flat
zone, and the heavily doped substrate flat zone. In these structures, no substrate
contacts are needed local to the n-well diode. Human body measurements of n-well
diodes with STI-defined nþ contacts in a pþ substrate were first measured by Voldman
and Hargrove. ESD human body model results exceeding �10 kV were achieved with a
100-mm-long diode. Brown and Voldman demonstrated that the HBM ESD robustness
of the n-well diodes reduced to �5 kV on a p-substrate wafer. Hence, the pþþ substrate
provides at least a two-fold improvement in the ESD robustness of n-well diode
structures compared with a p-substrate wafer. A second advantage of the pþþ heavily
doped wafer is that the vertical bipolar transistor will be less sensitive to the Kirk effect.
In the vertical pnp, as the base current flows from the pþ source/drain implant to the pþþ

substrate, the n-well-to-substrate metallurgical junction will be less sensitive to base
push-out effects, preventing the reduction in the unity current gain cutoff frequency.
Additionally, for the case of the vertical pnp, the reverse current transport term ar is
high as a result of the high substrate doping concentration relative to the emitter. This
provides good reverse injection when the substrate is at a ground reference potential,
and a negative pulse is applied to the input node. This effect was observed from the
failure mechanisms in STI-bound double-diode networks. This subtle effect was
observed from the interconnect damage patterns at �10 kV in diode structures.

There are many subtle advantages of heavily doped substrates which are advanta-
geous for ESD and latchup. For example, an additional advantage of pþþ heavily doped
substrates is the improvement of guard ring efficiency. Guard rings provide the ability
to collect minority-carrier electrons; n-well diodes, or other STI-bound diffusions will
inject electrons in the epitaxial region. By placement of a n-well ring around these
structures, minority carrier electrons either enter the pþþ substrate region or are
collected by the n-well ring structure. The minority carrier electrons which enter the
pþþ substrate have a low probability of escape outside of the n-well ring structure
because of the high recombination rate in the pþ substrate.

4.12 LOW-DOPED SUBSTRATES

Low-doped substrate wafers have a significant effect on the ESD robustness of semi-
conductor components and ESD networks. Low-doped p� wafers have significant
advantages for semiconductor chips. Low doped p� wafers provide low substrate
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capacitance, good noise isolation, and reduced cost. This is an advantage for semicon-
ductor components from bipolar transistors to MOSFETs. In the case of bipolar
transistors, the lowering of the collector-to-substrate capacitance leads to a significant
increase in the unity power gain cutoff frequency. Noise isolation is improved between
analog and digital circuitry. Additionally, for RF applications, high quality factor (Q)
passive inductors can be constructed on low-doped substrates.

For the case of the p-well near the device surface, with a background doping of Nsub,
we can define a concentration for the surface region as

NA xð Þ ¼ Nsub þNA exp � x� x0ffiffiffiffiffiffi
2	

p
� �2( )

In the case of the MOSFET device, the lightly doped substrate lead to a lowering of
the MOSFET snapback voltage. In order for MOSFET snapback to occur, the source-
to-substrate voltage must be established and it must be greater than or equal to the
product of the substrate current times the substrate resistance. From the current
equation condition for MOSFETs

Vbe5IsxRsub

As the substrate resistance is increased, the MOSFET can have a lower substrate
current to trigger MOSFET snapback. Hence, from the MOSFET current relationship

Vbe5 M � 1ð Þ IDS þ ICð Þ � IB½ �Rsub

As a result the first term in the bracket can be reduced significantly as the substrate
resistance is increased. Additionally, in a multi-finger MOSFET structure, ESD robust-
ness is improved because the MOSFET first trigger voltage Vt1 becomes lower than the
MOSFET second trigger voltage Vt2 value. As a result of this effect, the ESD robustness
of a MOSFET in a p� substrate is significantly higher.

As technologies are scaled to lower voltages, the scaling of the substrate doping
concentration will lead to lower MOSFET snapback voltages, which is an advantage for
MOSFET-based ESD strategies. Modeling of one- and two-dimensional effects of
avalanche multiplications is important for the prediction of MOSFET second break-
down in advanced technologies [20]. Boselli, Reddy and Duvvury showed that as the
substrate wafer is increased from 2 to 50� cm, the MOSFET second breakdown for
0.5 mm MOSFET increases from approximately 4 to 5mA/mm [21]. As the substrate
doping concentration decreases, the second derivative of the second breakdown current
versus design width decreases. In the case of the higher p-substrate doping, in 2� cm,
there is a rapid decrease in the second breakdown current with the design width. As the
substrate doping increases, dIt2/dW is reduced. This manifests itself in that as the
substrate doping increases the MOSFET current constriction is reduced leading to a
wider width of the current constriction, and a higher Weff.

Unfortunately, there are also many ESD disadvantages of p� wafers. These include
low guard ring efficiency, low latchup tolerance, and lower diode ESD robustness.
These effects can compensated by new processes and design. Latchup can be improved
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by an increase in the substrate contacts, double guard rings, trench isolation, and
alternative design strategies [22–26]. Lower diode ESD robustness can be achieved with
alternative diode implementations by not using the substrate as a discharge path. The
low-doped substrate can also be modified by pþ heavily doped buried layers to com-
pensate the degradation effects [22–26].

In Chapter 5, we will discuss well regions. This chapter will discuss the distinctions of
diffused wells, retrograde wells, triple well and sub-collectors from a general approach.
Distinctions will be drawn based on ESD experimental work showing these have sig-
nificant effect on the operation of vertical diodes, vertical parasitic pnp transistors, lateral
npn transistors and other ESD structures of interest. This knowledge can be used for an
understanding of ESD, latchup and minority carrier injection. Samples of some experi-
mental results will be shown of recent discoveries in ESD associated with well structures.

PROBLEMS

4.1. Given a square trench defined p–n diode structure on a p-substrate with an anode
width ofWa, and a deep trench defined cathode of widthWc, whose trench depth is
LDT, derive the downward thermal series resistance assuming 45 � conical region of
current flow from the anode. Assume no heat transfer through the trench region.

4.2. In the above structure assume a shallow trench isolation (STI) region surrounding
the anode of depth LSTI, whose anode junction depth is Lj. Assume no heat
transfer through the STI isolation region. Derive the thermal resistance addres-
sing the STI region with the same assumptions as Problem 1.

4.3. In the above structure, assume heat flows through the surface to the metal
interconnects. Assume a contact width Wca, and height Lca. From the silicon
surface, show the total thermal resistance where the interconnects are the ‘up’
resistance in parallel with the ‘down’ resistance to the substrate.

4.4. Derive the thermal resistance for a p�/pþ epitaxial wafer.
4.5. Derive the thermal resistance for a p� wafer with a pþ buried layer. Assume a

gaussian profile for the pþ buried layer.
4.6. Derive the thermal resistance for an SOI layer.

REFERENCES

1. R. Joy and E. S. Schlig. Thermal properties of very fast transistors. IEEE Transactions on

Electron Devices 1970; ED-17 (8): 586–593.

2. J. Melcher. Continuum Electromechanics, M.I.T. Press, 1982.

3. J. A. Kong. Theory of Electromagnetic Waves. Wiley 1975.

4. R. R. Troutman and M. J. Hargrove. Transmission line Model for latchup in CMOS circuits.

Digest of Technical Papers for the 1983 Symposium on VLSI Technology, 1983; 56–59.

5. R. R. Troutman and M. J. Hargrove. Transmission line modeling of substrate resistance and

CMOS Latchup. IEEE Transactions on Electron Devices 1986; 945–954.

6. R. Troutman. Latchup in CMOS Technology: The Problem and the Cure. Kluwer, 1984.

7. D. B. Estreich, A. Ochoa and R. W. Dutton. Analysis of latchup prevention in CMOS IC’s

using epitaxial buried layer process. International Electron Device Meeting (IEDM) Technical

Digest, 1978; 230–234.

171REFERENCES



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH004.3D – 172 – [139–172/34] 6.8.2004 10:17AM

8. D. B. Estreich. The Physics and Modelling of Latchup and CMOS Integrated Circuits.

Integrated Circuits Laboratory, Stanford University, California, November 1980.

9. R. Troutman. Epitaxial layer enhancement of n-well guard rings for CMOS circuits. IEEE

Transactions on Electron Devices Letters 1983; ED-4: 438–440.

10. P. Cottrell, S. Warley, S. Voldman, W. Leipold and C. Long. N-well design for trench DRAM

arrays. International Electron Device Meeting (IEDM) Technical Digest, December 1988;

584–587.

11. S. Voldman and V. Gross. Scaling, optimization, and design considerations of electrostatic

discharge protection circuits in CMOS technology. Journal of Electrostatics 1994; 33 (3): 327–357.

12. S. Voldman, M. Marceau, A. Baker, E. Adler, S. Geissler, J. Slinkman, J. Johnson and

M. Paggi. Retrograde well and epitaxial thickness optimization for shallow- and deep-trench

collar merged isolation and node Trench SPT cell and CMOS Logic Technology. Inter-

national Electron Device Meeting (IEDM) Technical Digest, 1992; 811–815.

13. S. Voldman. Shallow trench isolation double-diode electrostatic discharge circuit and inter-

action with DRAM circuitry. Journal of Electrostatics 1993; 31: 237–262.

14. N. K. Verghese and D. Allstot. Rapid simulation of substrate coupling effects in mixed mode

integrated circuits. Proceedings of the IEEE Custom Integrated Circuit Conference, 1993.

15. T. Li, C. H. Tsai, E. Rosenbaum and S. M. Kang. Substrate resistance modeling and circuit

level simulation of parasitic device coupling for CMOS I/O under ESD stress. Proceedings of

the EOS/ESD Symposium, 1998; 281–289.

16. D. Walkey et al. Prediction of thermal resistance in trench isolated bipolar device structures.

Proceedings of the Bipolar Circuit Technology Meeting, 1998; 207–210.

17. D. Walkey, T. Smy, C. Reimer, M. Schroter, H. Tran and D. Marchesan. ‘Modeling thermal

resistance in trench-isolated bipolar technologies including trench heat flow’. Solid State

Electronics 2002; 46: 7–17.

18. J. S. Rieh et al. Structural dependence of the thermal resistance of trench-isolated bipolar

transistor model. Proceedings of the Bipolar Circuit Technology Meeting (BCTM), September

2002; 100–103.

19. S. Voldman. The effect of deep trench isolation, trench isolation and sub-collector doping on

the electrostatic discharge (ESD) robustness of radio frequency (RF) ESD diode structures in

BiCMOS silicon germanium technology. Proceedings of the EOS/ESD Symposium, 2003;

214–223.

20. A. Schutz, S. Selberherr and H. Potzl. A two-dimensional model for the avalanche effect in a

MOS transistor. Solid State Electronics 1982; 25 (3): 177–183.

21. G. Boselli, V. Reddy and C. Duvvury. Impact of scaling on the high current behavior of RF

CMOS technology. Proceedings of the International Reliability Physics Symposium (IRPS), 2003;

229–235.

22. M. Hargrove, S. Voldman, J. Brown, K. Duncan and W. Craig. Latchup in CMOS. Proceed-

ings of the International Reliability Physics Symposium, April 1998; 269–278.

23. W. Morris. CMOS latchup. Proceedings of the International Reliability Physics Symposium

(IRPS), May 2003; 76–84.

24. K. K Bourdelle, Y. Chen, R. A. Ashton, L. M. Rubin, A. Agarwal andW.Morris. Evaluation

of high dose, high energy boron implantation into CZ substrates for epi-replacement in

CMOS technology. IEEE Transactions on Electron Devices 2001; ED-48: 2043.

25. K. C. Leong, P. C. Liu, W. Morris and L. Rubin. Superior latchup resistance of high dose

energy implanted pþ buried layers. Proceedings of the XIIth International Conference on Ion

Implantation Technology, Kyoto, Japan, 1998; 99.

26. A. Watson and S. Voldman. The influence of deep trench and substrate resistance on the

latchup robustness in a BiCMOS silicon germanium technology. Proceedings of the Inter-

national Reliability Physics Symposium (IRPS), 2004; 135–142.

172 SUBSTRATES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH005.3D – 173 – [173–202/30] 6.8.2004 10:17AM

5 Wells, Sub-collectors
and ESD

This chapter will discuss diffused wells, retrograde wells, triple wells and sub-collectors
and their influence on ESD robustness of semiconductor components from a general
approach. Distinctions will be drawn based on ESD experimental work, showing these
have significant effect on the operation of vertical diodes, vertical parasitic pnp transis-
tors, lateral npn transistors and other ESD structures of interest. This knowledge can be
used for an understanding of ESD, latchup and minority-carrier injection.

Semiconductor devices are placed in collectors and well regions in the substrate of a
semiconductor wafer. These regions have a strong influence on the ESD robustness of a
semiconductor device. The doping concentration, energy, dose and perimeter structures
can influence the ESD robustness of the semiconductor device.

Depending on the technology generation, semiconductors devices are formed in
single-well, double-well and triple-well technology. In this chapter, we will focus on
the single-well technology where the well region is of opposite doping polarity to the
semiconductor substrate. Substrate regions also have an influence on the well profiles,
and can modulate the doping concentration and ESD robustness. The use of these
elements as resistor elements, ballasting elements will also be discussed.

Diffused wells were common in early CMOS development prior to 1994 [1,2]. In the
1980s only a few corporations utilized high-energy MeV implanters for formation of
retrograde wells [3–15]. Without high-energy implanters, the majority of BiCMOS
applications also formed sub-collectors prior to epitaxial deposition.

5.1 DIFFUSED WELLS

In semiconductor technologies, isolation wells were formed to allow the placement of
different semiconductor transistor types in a common substrate. These isolation wells have
considerable influence on the operation and reliability of the semiconductor device inside the
isolation well. These isolation well serve as a region to isolate the semiconductor device from
the substrate region. From an ESD and CMOS latchup perspective, these isolation wells
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also lead to ‘parasitic’ devices which influence the ESD sensitivity of the device contained in
the well. These parasitic devices can also serve as a means to provide ESD protection. In the
case of a pþ diffusion inside an n-well region, the well region forms a diode where the pþ

diffusion serves as an anode, and the well region serves as a cathode. Additionally, the well
region serves as a base region forming both a vertical and lateral pnp transistor with the
p-substrate serving as a collector region [1,2]. Hence the understanding of the well regions is
critical to understanding the ESD and latchup response of a semiconductor component.

In semiconductor technologies, isolation wells were diffused from the semiconductor
wafer surface. A diffusion source was created which was doped or implanted to a certain
dose level. Using thermal processing, the dopants diffuse into the substrate where
the extension into the substrate is a function of the surface dopant concentration, the
diffusion coefficient of the dopant in the material, and the time of the process for the
diffusion process. In the case of a diffused well, the doping concentration as a function
of position can be approximated as a Gaussian-like distribution.

From the diffusion equation, the doping profile can be expressed as a function of the
complementary error function distribution, where D is the diffusion constant of the
element, and t is time

C x; tð Þ ¼ Cserfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

¼ 2Csffiffiffi
�

p
Z 1

x

2
ffiffiffi
Dt

p
e��

2

d�

To get the total dopant, integration over the well can be expressed as

N 0 ¼
Z 1

0

C x; tð Þdx ¼ 2

ffiffiffiffiffiffi
Dt

�

r
Cs

Doping profiles (Figure 5.1) can be represented as the doping concentration N0

followed by a hot process drive-in cycle, represented by a Gaussian distribution

C x; tð Þ ¼ N 0ffiffiffiffiffiffiffiffiffi
�Dt

p exp � x2

4Dt

� �

n-well

NA (x)

Depth (x)

Figure 5.1 Diffused well vertical Profile
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In a diffused well process, the doping gradient of the Gaussian distribution is such
that it establishes a built-in electric field into the substrate region. The built-in electric
field in the dopant profile establishes a drift component in the current density consti-
tutive equation for current transport. This built-in field drift component serves in
transporting holes from the emitter to the collector. The built-in drift component leads
an increase in the base transport factor of the parasitic bipolar transistor element.

From the constitutive relationships of hole current and electron current

J ¼ �hp0Ex � qDh
dp0

dx

J ¼ �en0Ex þ qDe
dn0

dx

From the principle of detailed balance, these terms must balance independently.
Letting the electron and hole current equal zero, the built-in field can equal

Ex ¼ kT

q

1

p0

dp0

dx

Ex ¼ � kT

q

1

n0

dn0

dx

This expression relates the built-in electrical field to the equilibrium electron and hole
carrier concentration to the doping concentration profile. From this expression, where
the hole or electron concentration is known from the doping distribution, the built-in
electric field can be quantified.

These two expressions are not independent since it is well understood that the
electron and hole populations are related according to the equilibrium relationship

n0p0 ¼ ni
2

Taking the derivative of the equilibrium as a function of position

d

dx
n0p0ð Þ ¼ d

dx
ni

2

Expanding the expression

d

dx
n0p0ð Þ ¼ dn0

dx
p0 þ n0

dp0

dx
¼ d

dx
ni

2

Assuming that the intrinsic concentration is not a function of position (e.g. constant
material property and temperature), then

1

p0

dp0

dx
¼ � 1

n0

dn0

dx
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By equating the two equations for the built-in field, we can relate the gradient of the
hole concentration to the gradient of the electron concentration, and obtain

1

p0

dp0

dx
¼ � 1

n0

dn0

dx

Since the diffused n-well is a function of position, its doping gradient will influence
the minority-carrier diffusion of holes through this region. In the case of a vertical
bipolar transistor, the diffused n-well region serves as a base region. Minority-carrier
holes diffuse through the base region from the pþ diffusion at the device surface. In a
diffused well, the doping profile is such that the doping concentration decreases from
the device surface. From the above expression, given that the gradient of the n-type
dopant is negative, the built-in electric field is positive. The positive built-in electric field
term leads to a positive hole current providing a drift component to the hole current
density. The constitutive relationship, with built-in field Ex0, can be expressed as

Jh ¼ q�h p0 þ p0ð ÞEx0 � qDh
dp0

dx
þ dp0

dx

� �

Je ¼ q�e n0 þ n0ð ÞEx0 þ qDe
dn0

dx
þ dn0

dx

� �

The diffused well vertical bipolar pnp transistor (Figure 5.2) has the property of an
increased bipolar forward current gain as a result of the built-in field assisting the hole
transport. Note that the diffused well built-in field also leads to a lower reverse bipolar
current gain.

Using the diffused well vertical bipolar pnp transistor for an ESD element provides
an advantage of increased current transport when the pþ diffusion emitter is at the
device surface and the collector is the substrate [1,2].

For the diffused well bipolar transistor element, low diffused well doping concentra-
tions leads to a low pnp base transistor. As the base doping concentration is decreased,
the bipolar gain increases. Hence, by evaluating the diffused n-well sheet resistance, high
sheet resistances leads to improved bipolar current gain.

p-wafer

n-well

n+p+n+
LOCOS

Figure 5.2 Vertical pnp structure
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For ESD protection, this can be utilized in a p–n diode structure, a vertical pnp
structure, a mixed voltage p–n diode string circuit, a silicon controlled rectifier (SCR),
medium level trigger SCR (MLSCR), and low-voltage trigger SCR (LVTSCR). ESD
protection studies by Maloney showed the advantage of the diffused well profile by
providing excellent ESD results.

ESD experimental results show that as the n-well sheet resistance increases from
1000�/sq. to 2000�/sq., the vertical bipolar current gain increases leading to significant
increases in the HBM and MM results [12,13].

Diffused wells, although having the advantage of transporting holes from the emitter
to the collector for ESD applications, also have significant disadvantages in terms of
functionality, capacitive loading, and semiconductor chip integration. First, the diffu-
sion process has the highest doping concentration near the semiconductor device sur-
face. This leads to an increase in capacitance at the p-diffusion to well metallurgical
junction. Second, the high vertical bipolar gain leads to significant current injection to
the substrate. This can lead to noise, and latchup concerns. From an ESD perspective,
using a diffused well structure as an anode to a diode element can lead to high diode
series resistance where its desired operation is diodic as opposed to a bipolar operation.

Figure 5.3 demonstrates self-heating from an ESD event in a pþ/n-well diode in a
diffused well with LOCOS and STI isolation. Electrothermal simulation results shows
that for the same ESD event, the diffused well process provides the lowest peak tempera-
ture in a diode structure. This is a result of the vertical profile of the diffused well.

From ESD HBM (Figure 5.4) and MM testing (Figure 5.5), at high sheet resistances,
the ESD robustness of a diode structure improves. The upward region of the U-shape
dependence on the n-well sheet resistance is the region of a diffused well profile. As the
sheet resistance of the diffused well increases, the vertical bipolar gain increases, leading
to discharge of current to the substrate during an ESD event.

Figure 5.3 Self-heating in pþ/n-well diode highlighting LOCOS isolation in diffused versus

retrograde well
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5.2 RETROGRADE AND VERTICALLY MODULATED WELLS

5.2.1 Retrograde Wells

In semiconductor technologies, retrograde wells (also known as vertically modulated
wells) were implemented as isolation wells to allow the placement of different semicon-
ductor transistor types in a common substrate and minimize the hot process, provide
low sheet resistance wells, and reduce the risk of CMOS latchup. Retrograde wells have
considerable influence on the operation, performance, latchup and ESD robustness of a
semiconductor device [3–15]. Figure 5.6 is an example of a retrograde well profile.

Figure 5.4 HBM ESD results as a function of n-well sheet resistance

Figure 5.5 MM ESD results as a function of n-well sheet resistance
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From an ESD and CMOS latchup perspective, the retrograde wells serve as the base
region of the ‘parasitic’ devices which influence the ESD sensitivity of the device
contained in the well. The parasitic device also can serve as a means to provide ESD
protection. In the case of a pþ diffusion inside a retrograde n-well region, the well region
forms a diode where the pþ diffusion serves as an anode, and the retrograde well region
serves as a cathode. Additionally, the well region serves as a base region forming both a
vertical and lateral pnp transistor with the p-substrate serving as a collector region.

In semiconductor technologies, in contrast to the diffused well, the retrograde well is
not diffused from the semiconductor wafer. A retrograde well is implanted using high-
energy implanters below the semiconductor wafer surface. The retrograde well can
consist of a single implant, or a plurality of implants of different doses and energies.
Typically a low dose and energy is placed near the surface isolation and pþ diffusion
implant to minimize pþ/well junction capacitance, yet prevent device punch-through,
insure adequate implant dose under the isolation structure and adequate doping for the
MOSFET threshold body effect. The advantage of the vertically modulated well profile
is that the well engineering can be established to provide the optimum device design
point to achieve these objectives. These lower dose implants are at times referred to as
‘retrograde fill implants.’ Additionally, a heavily doped retrograde implant is placed
deep away from the semiconductor device surface. In this case, the implant is a two-
sided Gaussian profile whose distribution is a function of the species, implant dose, and
implant energy. Using thermal processing, the dopants are activated and diffuse into the
substrate where the extension toward the surface and into the substrate is a function of
the substrate dopant type and species, the diffusion coefficient of the dopant in the
material, and the diffusion process time. In the case of a retrograde well, the doping
concentration as a function of position can be approximated as a two-sided Gaussian
distribution and a low-level region and lower dopant region (the low-doped, low-energy
implant or plurality of implants).

In a retrograde well, the variation in doping concentration establishes a built-in
electric field. The doping gradient of the Gaussian distribution typically has two
polarities where the built-in electric field is opposite from the peak retrograde well
implant doping concentration. In the retrograde well, the built-in electric field in the
dopant profile establishes a drift component in the current density constitutive equation

p+ substrate

n-well Fill
Implant

Retrograde Well

Depth (x)

N (x)

Figure 5.6 Retrograde well vertical profile
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for current transport. This built-in field drift component impedes the transport of
minority-carrier holes from the emitter to the collector. The built-in drift component
leads to a decrease in the base transport factor of the parasitic bipolar transistor element
where the pþ implant at the surface is the emitter of a vertical bipolar transistor.

From the constitutive relationships of hole current and electron current

Jh ¼ �hp0Ex � qDh
dp0

dx

Je ¼ �en0Ex þ qDe
dn0

dx

From the principle of detailed balance, these terms must balance independently.
Letting the electron and hole current equal zero, the built-in field can equal

Ex ¼ � kT

q

1

n0

dn0

dx

From this expression, where the hole or electron concentration is known from the
doping distribution, the built-in electric field can be quantified. Assuming that the
intrinsic concentration is not a function of position (e.g. constant material property
and temperature), then

1

p0

dp0

dx
¼ � 1

n0

dn0

dx

Since the retrograde n-well is a function of position, its doping gradient will influence
the minority carrier diffusion of holes through this region. In the case of a vertical
bipolar transistor, the diffused n-well region serves as a base region. Minority carrier
holes diffuse through the base region from the pþ diffusion at the device surface. In a
retrograde well, the doping profile is such that the doping concentration has a weak
gradient from the n-well fill implant and increases from the device surface. From the
above expression, given that the gradient of the n-type dopant is positive, the built-in
electric field is negative. The negative built-in electric field term leads to a negative hole
current providing a drift component to the hole current density. The constitutive
relationship, with built-in field Ex0, can be expressed as

Jh ¼ q�h p0 þ p0ð ÞEx0 � qDh
dp0

dx
þ dp0

dx

� �

Je ¼ q�e n0 þ n0ð ÞEx0 þ qDe
dn0

dx
þ dn0

dx

� �

After the minority-carrier holes are transported after the peak retrograde well doping
peak, the built-in electric field polarity is of comparable magnitude, but of reverse
polarity. The minority-carrier holes are then assisted to flow to the n-well-to-substrate
metallurgical junction.
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The retrograde well vertical bipolar pnp transistor has the property of an decreased
bipolar forward current gain as a result of the built-in field impeding the minority-
carrier hole transport. Depending on the substrate doping concentration, there is an
increase in the reverse bipolar current gain where the substrate serves as the emitter and
the surface p-diffusion serves as a collector.

A significant factor that influences the forward and reverse bipolar current gain is the
energy and dose of the retrograde n-well (Figure 5.7). Since the implant dose and energy
is not limited to the surface semiconductor device optimization, the retrograde well
implant allows for significant design freedom and freedom of action. The base width can
be broadened by using higher energy implants, moving the implant from the device
surface. The recombination in the base region can be increased by increasing the n-type
dopant concentration. As the retrograde well dose is increased, the forward bipolar
current gain is decreased. As the retrograde well dose in increased, the vertical bipolar
current gain decreases. This decrease the injection of minority carrier holes into the p�

or pþ substrate region. This decreases the effectiveness of an ESD element when utilized
as a vertical bipolar pnp transistor.

As the retrograde well dose increases, the sheet resistance of the n-well region is
decreased. With increasing well dose, the diode formed by the pþ diffusion as the anode,
and the retrograde well as the cathode, the diode series resistance decreases. As the
diode series resistance decreases, the Joule heating in the region decreases in the well
region. Additionally, as the doping concentration is increased, the intrinsic temperature
in the retrograde well region increases, providing an improved thermal stability.

Additionally, as the retrograde well doping concentration increases, the doping
concentration under the device isolation is also increased if the well is sufficiently close
to the semiconductor isolation structures. As the retrograde well dose increases, the
peak local temperature under the isolation decreases during high-current and ESD
events.

Figure 5.7 Retrograde well vertical profile as a function of MeV implant dose
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With retrograde well structures, the operation of silicon-controlled rectifiers (SCR),
medium level SCR (MLSCR), and low-voltage trigger SCR (LVTSCR) are significantly
affected as a result of the pnp bipolar current gain reduction.

5.2.2 Retrograde Well Substrate Modulation

Retrograde wells formed in a pþþ heavily doped substrate with an epitaxial region, or
abutting a heavily doped buried layer implant can undergo modulation of the retro-
grade well profile (Figure 5.8). This effect is known as the retrograde well substrate
modulation effect [3–5]. This effect has considerable influence on the ESD protection of
a pþ/n-well diode network.

The retrograde well profile can be represented as a Gaussian implant at xw0 and
n-well fill doping profile,

ND xð Þ ¼ Nfill þND exp � x� xw0ffiffiffiffiffiffi
2�

p
� �2( )

We can define an effective epitaxial thickness as

Teff ¼ Tepi þ �

with the effective thickness determined by the epitaxial flat zone at the end of the surface
implant (or p-well), and the beginning of the pþ substrate (or pþþ buried layer). In the pþþ

substrate model case, as discussed in the previous chapter, an effective depth factor � is to
address the extra effective thickness between the epitaxial flat zone and the heavily doped
flat zone of the pþþ wafer to add an increase in the epitaxial effective width.

Figure 5.8 Retrograde well vertical profile as a function of epitaxial thickness
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For the pþþ wafer, a concentration profile can be assumed to be equal to

Nsub xð Þ ¼ Nsub

2
erfc

x� xe

x0

� �

where we determine the epitaxial depth position from the above expression, letting
x2¼ xe. From this we can express the effective depth parameter as

� ¼ x0

2
erfc�1 2Nepi

Nsub

� �

As the epitaxial thickness Tepi decreases, the flat zone of the p-region decreases. Varia-
tions in the epitaxial thickness is common due to the control of incoming wafers. With the
variation, the width term � does not change, but is shifted toward the device surface.
Additionally, the MeV retrograde well implant also is implanted deeper toward the pþþ

substrate. The MeV implant dose is significantly lower than the pþþ substrate wafer,
leading to strongmodulation of the profile, the capacitance and the n-well sheet resistance.

Given that an element is placed in the well, the ESD robustness of the device has been
shown to vary strongly with the n-well sheet resistance variation. For example, an STI-
bound pþ/n-well diode structure is a function of the diode series resistance and the
vertical bipolar current gain. As the substrate impinges on the n-well region, the physical
well depth decreases and the n-well sheet resistance increases. For a diode structure, this
leads to a higher diode series resistance. Additionally, the vertical bipolar pnp current
gain increases as a result of the smaller base width and the reduction of the Gummel
number (e.g. integral of the dopants in the base region). Experimental results have
shown that the n-well sheet resistance can vary from 700 to 1500�/sq. and the vertical
bipolar gain can increase from b¼ 2 to 8 [4,5,7–10,14].

As the epitaxial thickness is varied, for a fixed well dose and energy implant,
experimental results show the HBM ESD results decrease with increasing well sheet
resistance from 300 to 1000�/sq. from roughly 8 to 3 kV (Figure 5.9). With the decrease
in the epitaxial thickness, the effective film thickness of the series resistance decreases as
well as the total doped elements. In the self-heating of the resistor element, the film
thickness as well as the doping concentration play a role [8].

The ESD robustness linearizes when the data is plotted as a function of the square
root of the well sheet resistance over the film thickness (Figure 5.10), roughly

V /
ffiffiffiffiffiffiffiffi
tfilm

pffiffiffiffiffiffiffiffiffi
�well

p

Evaluating of the n-well doping profiles, as the epitaxial region is too thin, the peak n-
well concentration becomes consumed by the pþþ substrate region, significantly chan-
ging the doping profile in the n-well. Although the base width is decreasing and the
vertical bipolar current gain is increasing to approximately 8, ESD results decrease due
to the high series resistance (serving as the diode series resistance and the vertical bipolar
base resistance). From the work of Maloney, when the vertical bipolar current gain is
less than 10, the effectiveness of the vertical bipolar element is not strong during ESD
events [1,2].
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Figure 5.9 HBM ESD and sheet resistance as a function of well and epitaxial variation splits

Figure 5.10 HBM ESD results compared with normalized metric (e.g. film thickness and sheet

resistance)
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5.2.3 Retrograde Wells and ESD Scaling

ESD robustness of a diode structure in a retrograde well is a strong function of the
retrograde well sheet resistance, and profile [5–16]. In the case of a pþ diffusion inside a
retrograde n-well region, the well region forms a diode where the pþ diffusion serves as an
anode, and the retrograde well region serves as a cathode. In this diode representation, the
STI-bound diode forms a metallurgical junction with the low-doped region of the n-well.
The n-well serves as a cathode resistive element in series with the metallurgical junction.

Assume in the retrograde well, that the failure of the diode structure is related to the
volume inside the retrograde well between the metallurgical junction, and the nþ well
contact region [8]. Assume that there exists stored energy balanced by the Joule heating

dE ¼ Cp Tð ÞdT ¼ I2ðtÞRðTÞdt

where Cp(T) is the heat capacity, I(t) is the current pulse, R(T) is the resistance as a
function of temperature in the well region. Maloney showed that this can be put in a
temperature formulation or an energy formulation. In an energy representation, let the
resistance be represented as R(T)¼R0 g(E) where g(E) is a functional of energy. Let the
heat capacity Cp(T)¼Cp h(E) where h(E) is a functional.

dE ¼ I2ðtÞR0g Eð Þdt

Separating the variables and integrating over both sides of the equation

Z
dE

g0 Eð Þ ¼ R0

Z �

0

I2 tð Þdt

Note from this equation, the left-hand side is a function of energy, and the right-hand
side is a function of the resistance integrated over the square of the current for a given
time � . We can create a functional F, where the F is a constant.

F ¼
Z

dE

g0 Eð Þ ¼ R0

Z �

0

I2 tð Þdt

The functional F is equal to the integration of the energy over the length of the pulse.
Assuming that the net increase in current beyond the ESD time constant � , the integral
can be extended over all time. To relate the internal energy deposition to the ESD pulse
and external variables, one can relate an average resistance which is the effective
resistance of the pulse source, and the internal resistance where the pulse is flowing.

RAVG

Z 1

0

I2 tð Þdt ¼ CV2

2

Then

F ¼
Z

dE

g0 Eð Þ ¼ R0
CV2

2

1

RAVG

� �
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Treating the well region as a single sheet resistance term, we can model the lateral
retrograde well where it is the bulk resistivity r, width W, cross-sectional thickness t,
and mass density rd

R0 ¼
�

W2t2�d

Substituting in for the value of R0 internal resistance,

F ¼
Z

dE

g0 Eð Þ ¼
�

W2t2�d

� �
CV2

2

1

RAVG

� �

In this form, we can relate the voltage on the source voltage V, and the internal
dimensions of the internal resistance element. If we assume that the function F is fixed
and is associated with the ESD failure, then if the failure mechanism is the same, the
right-hand side of the equation must equal a constant. In this fashion, we can express
the system as a function of two different voltage conditions or rearranging, we can
express this as

V 02

V2
¼

W 02t02�0d=�
0� 	

W2t2�d=�ð Þ
2R0

AVG=C
0ð Þ

2RAVG=Cð Þ

Hence, assuming the same average resistance, and the same capacitor source, we can
simplify the expression as a function of the design and material parameters. In this
fashion, we can relate the HBM voltage on the source to the characteristics of the
process.

Assuming the same source, and the same mass density, then we can show that this
can be represented as

V 02

V2
¼

W 02t02=�0
� 	
W2t2=�ð Þ

In this form, we can now relate the sheet resistance, thickness and the design width to
the HBM ESD robustness. If we assumed that in MOSFET constant electric field
scaling that dimensional scaling is preserved, then

W 0 ¼ W=�

t0 ¼ t=�

�0 ¼ �=�

and ESD scaling with the scaling of the well will follow the relationship of

V 0 ¼ V

�3=2
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Hence if the structure was scaled in width, film thickness and resistance, the ESD
robustness of a diode structure would decrease with the scaling parameter �.

Assuming that a design is fixed in width, and hence the only scaling relationship
involves well depth and sheet resistance. We can then establish the retrograde well
scaling under these constraints as

V 02

V2
¼

t02=�0
� 	
t2=�ð Þ

where t is the cross-sectional thickness of the retrograde well region laterally and r is the
sheet resistance. Let us define the depth t as the depth of the well under the isolation
region

V 0

V
¼ L0

well

Lwell

� �
�

�0

� �

Given that the dimensional scaling is such that

L0
well ¼ Lwell=�

and from MOSFET constant electric field scaling

N 0 ¼ N�

where N is the doping concentration, then the scaling relationship is

V 0

V
¼ 1

�1=2

This scaling relationship for the n-well states that as the dimensional scaling
occurs, the ESD results will decrease according to the above scaling parameter. To
compensate this effect, ESD scaling theory for retrograde wells can be developed to
preserve the ESD protection level with scaling. Hence, a scaling parameter can be
established which has the following modification to the standard MOSFET electric
field scaling relationship

N 0 ¼ N	�

Lwell0 ¼ Lwell=�

Hence, to prevent the ESD robustness decreasing with retrograde well scaling the
following relationship must be true

V 0

V
¼ Lwell0

Lwell

� �
�

�0

� �
¼ 1
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where

V 0

V
¼ 	

�


 �1=2
¼ 1

By setting the two scaling variables as equal, ESD robustness does not decrease with the
MOSFET constant electric field scaling theory. This ‘constant ESD scaling’ was
achieved under the framework of MOSFET constant electric field scaling theory where
an additional well scaling parameter was defined [8].

With technology scaling of the well depth, the ESD robustness will decrease for a
given retrograde well profile (Figure 5.11).

5.3 TRIPLE-WELL AND ISOLATED MOSFETs

In applications where it is an advantage to isolate both the n- and p-channel MOSFETs
from the chip substrate, triple-well technology can be utilized. First, triple-well technol-
ogy allows circuits to be independent of the substrate bias conditions. This is an
advantage for noise isolation, mixed signal and dynamic threshold MOSFET applica-
tions. In BiCMOS applications, many substrates are biased negatively, and triple-well,
or ‘isolated MOSFETs’ are used to allow independent biasing of the channel region. In
advanced CMOS, triple wells are used to isolate the n-channel MOSFET from noise.
Additionally, allowing independent biasing of the substrate allows for biasing of the
channel region in the isolated region, and providing a different back-bias condition, or
dynamic threshold MOSFETs (DTMOS) devices.

Triple-well structures (Figure 5.12) influence the �-particle sensitivity, latchup and
electrostatic discharge protection. From the electrostatic discharge protection, there are
multiple issues that occur with the addition of a triple-layer region.

Figure 5.11 HBM ESD and n-well sheet resistance as a function of technology generation
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First, the inclusion of a doped layer of polarity opposite to that of the substrate
region introduces two additional metallurgical junctions, with one formed between the
epitaxial region and the buried layer, and a second between the buried layer and the
substrate region. The addition of this layer forms a vertical npn parasitic bipolar
transistor.

Second, the inclusion of the doped layer forms an isolated ‘epitaxial layer’ which has
a higher series resistance compared with the substrate. The high epitaxial resistance will
influence the turn-on condition for the MOSFET snapback and second breakdown
physics. Given that the isolated epitaxial region has a higher resistance, the MOSFET
snapback voltage will be lower. The current that flows from the MOSFET will dis-
charge to the isolated epitaxial region contact, or the triple-well buried layer. From the
current model, avalanche generation can be expressed as a function of the multiplication
factor and the total current flowing through the high electric field region.

We can express the generation current as

IG ¼ M � 1ð Þ IDS þ ICð Þ

When the electric fields are low,M is unity, leading to no generation occurring. As the
electric field increases in the transistor, avalanche multiplication increases, leading to
the generation term. In this expression, some of the hole generation current will serve as
base current for the lateral bipolar element, while some of the holes generated will enter
the isolated epitaxial region, serving as epitaxial region current. The epitaxial current
can be expressed as

Iepi ¼ M � 1ð Þ IDS þ ICð Þ � IB

The epitaxial current in a MOSFET is typically an issue for hot electron generation
and total power consumption. For ESD analysis, this epitaxial current is important

p-wafer

n 

–

p
Nn
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n+`
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D p – body
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Figure 5.12 Triple-well structure
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because it is associated with the voltage drop that occurs locally in the MOSFET region
at high currents.

Viso ¼ IepiRiso

Hence, we can express the voltage drop in the isolated region as

Viso ¼ M � 1ð Þ IDS þ ICð Þ � IB½ �Riso

When the voltage drop equals the forward bias voltage of the p–n junction formed
between the source and the isolated region, MOSFET snapback occurs. We can express
this as the condition

VBE ¼ Viso ¼ M � 1ð Þ IDS þ ICð Þ � IB½ �Riso

or a condition for MOSFET snapback occurs when

VBE5 M � 1ð Þ IDS þ ICð Þ � IB½ �Riso

An advantage of this condition is the MOSFET snapback can be altered independent
of the starting substrate wafer. The isolated resistance can be obtained from the sheet
resistance, the isolated region contact, and the placement of the isolating triple-well
region. This isolated region is influenced by the depth of the triple-well isolating region,
and its bias dependence. Consideration of the well bias and its modulation must be
addressed in the integration of the MOSFET in the triple-well structure.

For ESD diode implementations, there are distinctly different issues. ESD diode
implementation which is used to discharge current to the p-substrate must be modified
due to the isolation from the chip substrate. For example, n-well-to-substrate diodes
must be modified to address the presence of the buried layer region. As a result, novel
ESD design schemes must be implemented in order to provide ESD protection with
these diode structures.

5.4 BALLAST RESISTORS

Using resistor ballasts for ESD networks and peripheral circuits is a common practice in
semiconductor chips. It is possible to use n-wells to provide these ballast resistors by
direct integration with a structure, or as an independent structural element. Using n-well
structures as ballast resistors has significant advantage because of the geometrical
structure and the doping concentration. A first advantage of using a well structure as
a ballast resistor is that it does not require special masking or silicide removal. In STI-
defined technology, the resistor is formed under the STI isolation away from
the semiconductor surface. STI-defined nþ diffusions serve to provide contacting to
the buried resistor element. The STI region over the resistor prevents silicidation of
the resistor element. A second advantage of the n-well resistor is that the width of the
resistor element is such to avoid high current density. In surface diffusion resistors,
the thin dopant film can lead to a high current density and self-heating. A third
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advantage of the n-well resistor is that the velocity saturation current density is low,
allowing for early current saturation. To evaluate a well resistance, from the thermal
diffusion equation, it can be shown that the concentration from the formation of the
well can be represented as

C x; tð Þ ¼ Cserfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

¼ 2Csffiffiffi
�

p
Z 1

x

2
ffiffiffi
Dt

p
e�v2d�

The total dopants can be found by integration over the profile

N 0 ¼
Z 1

0

C x; tð Þdx ¼ 2

ffiffiffiffiffiffi
Dt

�

r
Cs

After the hot process of time t, the well can be represented with a doping concentration

C x; tð Þ ¼ N 0ffiffiffiffiffiffiffiffiffi
�Dt

p exp � x2

4Dt

� �

In a nonuniform profile, the conductance of the well resistor can be found by integra-
tion over the well region from the top surface (x¼ 0) to the metallurgical junction, x¼XW

G ¼ W

L

Z XW

0

q�n xð Þdx

When the background doping concentration is negligible compared with the well
implant dose, we can solve for the conductance of the well from the Gaussian repre-
sentation

G ¼ N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XW

0

�n exp � x2

4Dt

� �� �
dx

In semiconductor devices, the depth of the isolation can be of the same order of
magnitude as the well depth in advanced technologies. In shallow trench isolation, the
depth of the isolation can be represented as

G ’ N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XW

XSTI

�n exp � x2

4Dt

� �� �
dx

In the case of a retrograde well, dopants are implanted at a depth below the surface,
and a second well implant or background ‘fill’ implant is formed. Assuming a single-
well implant, where the fill implant is significantly less than the high-energy MeV
implant we can approximate the conductance as this can be expressed as

G ’ W

L

Z XW

XSTI

qN0�0 þ
N 0qffiffiffiffiffiffiffiffiffi
�Dt

p �n exp � x� x0ð Þ2

4Dt

 !" #
dx
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The saturation current of an n-well resistor can be expressed as

Jsat ¼ qNwell�sat

where the saturation current is equal to the product of the charge of the electron, the
n-well doping concentration, and the saturation velocity of the electron in the well region.

Since the n-well doping concentration is significantly lower than typical diffusion
doping concentration, the saturation current is significantly lower using n-well resis-
tors. As a result of the saturation phenomenon, an n-well resistor will have an I–V
characteristic (Figure 5.13) exhibiting a linear region at low voltages. As the voltage
across the resistor increases, the I–V characteristic will plateau and be voltage inde-
pendent over a range of voltages. This provides a resistor with a linear region for
functional use, and a plateau region which limits the current through the structure. At
high voltages, avalanche breakdown can occur if the voltage between the n-well and
the substrate exceeds the avalanche multiplication voltage. In this case, snapback
occurs in the resistor element. Additionally, if self-heating occurs prior to avalanche
snapback, a negative resistance regime can initiate prior to avalanche breakdown. This
is dependent on the geometric properties, and thermal characteristics of the n-well
resistor structure compared with the doping profile of the n-well and n-well-to-sub-
strate junction.

In the case of a retrograde well, the nature of the characteristic is a function of the
doping profile and the usage of ‘n-well fill implants’; n-well fill implants can modulate
the resistance from the nþ contact to the heavily dosed retrograde well implant, and
n-well resistors with low-doped fill implants will have a more resistive linear regime in
the I–V characteristic and softer transition into the ‘saturated regime.’

In a resistor structure, electric fields can approach the velocity saturation level of an
electron. A form of the velocity–electric field relationship can be expressed as

�d Eð Þ ¼ �sat
E Ec=ð Þ

1þ E Ec=ð Þ

h i1 
=
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Figure 5.13 I–V characteristic of n-well resistor
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where E is the electric field, Ec is the critical electrical field, and b is a parameter.
Substitution into the drift equation, we obtain

J Eð Þ ¼ qn�sat
E Ec=ð Þ

1þ E Ec=ð Þ

h i1 
=

At high electric fields, the internal electric field approaches the critical electric field.
At the critical electric field, roll-off of the current density occurs, with the saturated
current density can be expressed as

Jsat E > Ecð Þ ’ qn�sat

where the doping concentration is the concentration of the well resistor element.
Resistor elements will undergo three regions of operation. In the linear regime, the

device has a linear resistance characteristic. As the device approaches the critical electric
field, the resistor enters a saturation region. Expressing the equation consistent with
velocity saturation and avalanche models [17], let us express the current voltage regimes
as

Linear regime

I ¼ V

Rlin

Saturated regime

I ¼ V

Rlin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V

Vc


 �2r

Avalanche regime

I ¼ V

Rlin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V

Vc


 �2r M

M ¼ 1

1� A exp � B
Vd


 �

where A, B are physical constants,

Vd ¼ �V

� ¼ 1� ExL

V
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and

1=Rlin ’ G ’ N 0qffiffiffiffiffiffiffiffiffi
�Dt

p W

L

Z XW

XSTI

�n exp � x2

4Dt

� �� �
dx

where Ex is the location at which the space charge density transitions into the ava-
lanche multiplication, L is the length of the resistor element, and V is the voltage across
the resistor. In this development, the linear resistance is related to the retrograde well
implant. The total conductance is obtained by integrating over the retrograde well
implant profile from the shallow trench isolation to the well–substrate junction region.

In a retrograde well process, the linear region is a strong function of the n-well fill
implant (Figure 5.14). The low-dose, low-energy fill n-well implant has a strong effect
on the linear portion of the ballast resistor model. It also plays a role in the slope of the
saturation regime. Experimental results show that as the n-well fill dose increases, the
saturation region has a more abrupt transition compared to the non-fill implant case.
The saturation region has a lower dI/dV dependence as well.

5.5 SUB-COLLECTORS

Sub-collectors have considerable influence on the operation, performance, latchup and
ESD robustness of a semiconductor device [18–21]. In semiconductor technologies,
sub-collectors are traditionally formed as the collectors of a bipolar transistor element.
Sub-collectors can also serve as a heavily doped implant for a well region, or can serve
as an isolating implant. Sub-collectors can be formed using a diffusion process or
implanted. In the case of a diffusion/epitaxial sub-collector process, the sub-collector
is formed using a diffusion source and driven into low-doped substrate region. The
sub-collector characteristic is a function of the dopant dose, species and hot process
cycle. Typical sub-collectors are formed using arsenic, phosphorus and antimony
dopant types. The dopant is implanted into a surface region, followed by an epitaxial
growth over the sub-collector, followed by a hot process step. In this method, the
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Figure 5.14 I–V characteristic of n-well resistor for different well profiles (with and without the

n-well implant)
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doping concentration can be significantly high compared with standard CMOS dif-
fused or retrograde well technology. In an implanted sub-collector, the dose of the
sub-collector is significantly reduced to the levels of a CMOS retrograde well implant
(Figure 5.15).

A distinction of epitaxially grown sub-collectors is that the doping concentration is
such that the electron–hole pair recombination time is small and sheet resistances are
low compared with a retrograde well. The recombination time is Auger recombination
time dominant as opposed to Shockley–Hall–Read dominant. CMOS diffused wells and
retrograde well doses are such that the recombination time is Shockley–Hall–Read
dominant. In this case, the diffusion length of the minority carrier hole is on the same
scale as the sub-collector width. As a result, the pnp vertical bipolar current gain formed
by the p-base region, sub-collector and substrate is recombinant dominated. A second
aspect of a sub-collector structure has a sheet resistance significantly lower than the
CMOS retrograde well.

Sub-collector doping concentration and profiles can have an influence on silicon
bipolar transistor devices. Two key figures of merit for a bipolar transistor device are
the unit current gain cutoff frequency fT and unit power gain cutoff frequency fMAX.
The collector structure influences the unit current gain cutoff frequency fT as a result of
the Kirk effect. At high frequencies, the doping concentration of the collector region
and pedestal implant influences the point at which the peak fT is reached. The unit
current gain cutoff frequency fT is inversely related to the emitter-to-collector transit
time �EC.

1

2�fT
¼ �EC ¼ �E�B þ �CSL þ �C

where

�E ¼ Ceb þ Cbc

gm

�B ¼ W2
B

KDB

�CSL ¼ rCðCc�sx þ CbcÞ

�C ¼ xC

�satL

p+

n-well

STI STI

p-substrate

STI STIn+n+

n 

++ sub-collector

Figure 5.15 STI-bound pþ/n-well diode with sub-collector implant
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The emitter transit time is a function of the emitter–base capacitance, base–collector
capacitance, and transconductance. The base transit time is a function of the base
width, and diffusion coefficient and base grading factor, K. The collector terms consists
of the collector capacitance, collector resistance and velocity saturation term.

The unit power gain cutoff frequency fMAX is a function of the unit current gain
cutoff frequency, base resistance, collector–base capacitance, and collector-to-substrate
capacitance. The substrate sidewall is either silicon or deep trench defined. Minimizing
the collector–base capacitance Ccb, collector-substrate Ccsx, and base resistance, Rb

improves fMAX.

fMAX ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fT

8�RbCbc

s

From the Johnson limit formulation, where

Vm fT ¼ Em�s=2�

The maximum voltage Vm, can be the BVCEO of the bipolar device, demonstrating an
inverse relationship between the breakdown voltage and the frequency response of the
transistor. The sub-collector doping concentration has a significant effect on the fre-
quency response and the breakdown voltage of the transistor.

From the experimental results on retograde n-wells and diffused well structures, ESD
results showed that as the n-well sheet resistance increased from 300 to 1000�/sq., the
ESD robustness of a diode-based structure decreased [5–15]. This was achieved by
varying the n-well dose, energy and epitaxial thickness. It was also shown in a diffused
well that that as the n-well sheet resistance increased from 1000 to 2000�/sq., the ESD
robustness improved [12,13]. The ESD robustness from both human body model
(HBM) and machine model (MM) testing showed a U-shaped dependence as a function
of sheet resistance in the range of 300–2000�/sq. The physical model to explain this
phenomenon was two-fold; in the first regime, a low diode series resistances and low
Joule heating forming an improved diode, and in the second regime, the vertical
parasitic pnp bipolar current gain increases above 10, leading to good vertical pnp gain
characteristics and improved ESD results. Sub-collector sheet resistance for epitaxial
sub-collectors can range from of 5 to 100�/sq., dependent on the hot process and
dopant type (Figure 5.16). In the majority of transistor elements, the sub-collector
resistances are near the low range of values. With sub-collector resistance in the 10�/sq.
range, structures exhibit and ESD roll-off effect in bipolar transistors, using arsenic
sub-collectors. Antimony sub-collectors have a different diffusion process, leading to a
significantly higher sub-collector sheet resistance.

An experimental split was completed with arsenic and antimony sub-collector
dopants with different diffusion characteristics, but the same doping concentration
placed in the p-substrate prior to the epitaxial growth for sub-collector formation. After
the hot process, the sub-collector sheet resistance is ten-fold higher for the Sb diffusion
dopant implant. Experimental results show that as the size of the ‘diode’ (e.g. where the
anode was a p-diffusion and the cathode was the sub-collector structure) increased in
physical size, the low sheet resistance sub-collector did not maintain ESD linearity with
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structure size reducing the ESD robustness/length. Yet, the higher sheet resistance sub-
collector dopant implant demonstrated a higher ESD/mm without sign of ESD/mm roll-
off as observed in the low-resistance cathode structure [21].

In a second study (Figure 15.17), the sub-collector doping varied doping concentra-
tion by a factor of 10� per split. Experimental results in bipolar-based varactor structures
showed ESD/mm nonlinear roll-off, whereas the low-dose sub-collectors remain linear. In
the low sheet resistance split, HBM ESD results remained linear from 0 to 15mm. As the
length increased from 15 to 50mm, HBM results increased to 2200V. For the case of the
higher sheet resistance sub-collector (e.g. 100�/sq.), the ESD/mm increase linearly and
achieve 3500V HBM. As the implant dose was lowered by a factor of 10, the ESD results
increased to 4200V (two-fold improvement). Based on prior work of the author, this is
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Figure 5.16 HBM ESD results as a function of different sub-collector dopants
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counter-intuitive assuming the relationship of ESD/mm as demonstrated in the 200–
2000�/sq. sheet resistance regime. Hence, this implies that at ultra-low sheet resistances,
no lateral ballasting occurs in the cathode structure.When the sheet resistance exceeds this
regime, inherent lateral ballasting in the sub-collector structure leads to improved uni-
formity.

From this work, it can be understood that, whereas the prior measurements of
retrograde and diffused n-wells demonstrated a U-shaped dependence as a function of
the sheet resistance, these results for sub-collectors demonstrate that the ESD robust-
ness can be lower for the lowest sheet resistance for wide ESD structures. This effect can
best be explained as a nonuniform current distribution in the diode structures. As the
resistance increases from 10 to 100�/sq., the lateral resistance within the sub-collector
introduces a ballasting effect. As the lateral resistance increases, there is less lateral
current flow along the sub-collector structure. This manifests itself as the linearization
with structure width [21].

A physical incremental model which explains the lateral resistor ballasting effect can
be represented as a diode and resistor network (Figure 5.18). Given an anode electrical
connection separated into n elements, the metallurgical junction can be represented as a
set of parallel ideal diode elements where each jth element is at temperature Tj and ideal
characteristics Ij (Tj)¼ I0 exp {Vbej/kTj}. The collector structure can be represented as a
lateral resistor element between the jth and the (j� 1)th diode region and between the ith
and the (jþ 1)th diode region. This is followed by a collector series resistance which
represents the series resistance. The nþ reach-though or nþ contact region can be
represented as a lateral network or as an electrical short. As the local temperature
increases along the diode stripe, the current through the segment decreases. The non-
uniformity in temperature leads to a lateral current flow. The lateral resistor element
RLAT j�1 (Tj) and element RLATjþ1 (Tj) redistribute the current from the jth diode
element [21].

In another study, with implanted sub-collectors, similar results were achieved with
elimination of the ESD roll-off effect observed in the high sub-collector dose structure
(Figure 5.19). From these experimental results, sub-collector doping sheet resistance,
and profile can play a significant role in the ESD robustness of a bipolar transistor, a
diode-configured bipolar transistor, or even STI-bound diode elements placed in sub-
collectors.

In Chapter 6, the influence of isolation structures on ESD protection will be dis-
cussed. The isolation structures include LOCOS isolation, shallow trench isolation and

Lateral Resistance Series Resistance

p+

n-well

Figure 5.18 Sub-collector lateral ballasting network
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deep trench isolation. These structures have significant impact on the operation of ESD
networks and latchup. Distinctions are made between how ESD devices respond to
LOCOS and STI. Simulation, and experimental results of LOCOS and STI structures
will be discussed.

PROBLEMS

5.1. Using a Wunsch–Bell equation, derive ESD robustness scaling according to
constant electric field scaling parameter �, assuming that dimensional similitude
is preserved in three physical dimensions.

5.2. Using the well scaling relationship, assume that scaling of an element is scaled in
only the well depth. How does the ESD robustness scale?

5.3. Using the well scaling relationship, what must the sheet resistance and film
thickness be in order to maintain constant ESD robustness?

5.4. Using the well scaling relationship, with MOSFET constant electric field scaling
parameter �, and defining a new well scaling parameter g, what will the relation-
ship of the parameters be in order to preserve the ESD robustness with one-
dimensional geometric parameter scaling? Two-dimensional? Three-dimensional?

5.5. Given an n-well ballast resistor element of width W, what doping concentration
should be maintained as the width is scaled as W0 ¼W/� to maintain the same
n-well ballast saturation current?

5.6. Given a heavily doped sub-collector with a nonlinear rolloff width effect of

VHBM ¼ AW � BW2

Derive the relationship of a width W0 for a linear element compared with W to
achieve the same HBM ESD level.
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Figure 5.19 STI-bound pþ/n-well diode with/without sub-collector
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6 Isolation Structures and ESD

Isolation structures influence the ESD robustness of semiconductor components from
both electrical and thermal device physics. In this chapter, we will discuss the influences
of isolation structures on ESD device operation. The focus of the chapter will be the
influence of LOCOS isolation, shallow trench isolation, and deep trench isolation. The
focus of the chapter will be to discuss the distinctions between LOCOS and STI issues,
and how they influence the ESD robustness of structures.

6.1 ISOLATION STRUCTURES

Isolation structures have a significant influence on the electrical and thermal properties
of a semiconductor device under high-current conditions. The geometric dimensions as
well as the material properties play a role on how the structure impacts the electrical
characteristics and the thermal characteristics of the semiconductor device. Isolation
structures can have a significant role in the operation of a parasitic device and its impact
on semiconductor devices, structures and circuits. Isolation structures can be the source
of failure mechanisms in circuits where unintended or unanticipated mechanisms occur.
In ESD networks, these elements can be used as devices for ESD protection. Under-
standing these structures and the role that isolation plays is critical in the understanding
on how to obtain good ESD protection levels in a semiconductor chip. These parasitic
structures can consist of guard ring structures which can be utilized for ESD protection.
Isolation structures can influence latchup immunity.

Isolation structures consist of processes known as recessed oxide (ROX), local oxidation
(LOCOS), and shallow trench isolation (STI). These isolation processes are typically utilized
at the semiconductor surface. Additional processes exist near the surface, known as dual
depth shallow trench isolation (dual depth STI), trench isolation (TI) and groove isolation
structures. Additional structures used for bipolar memory, and DRAM development
utilized a ‘deep trench’ structure which extending significantly into the semiconductor
substrate. TodayDT structures are utilized inDRAMs, and advanced bipolar development.
This section will discuss the implications of the isolation structures on ESD and latchup.

ESD: Physics and Devices Steven H. Voldman
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6.1.1 LOCOS Isolation

Local oxidation (LOCOS) isolation (Figure 6.1) was developed to define the diffusions
in MOSFET technology for transistors structures. LOCOS isolation is nonplanar,
with the isolation partially formed above the semiconductor substrate surface and
partially formed below. A oxide and nitride mask is formed to define the region where
the isolation is to be formed. Using an oxidation process, the silicon is oxidized,
leading to growth above and below the silicon surface. The isolation structure expands

Figure 6.1 LOCOS isolation compared with shallow trench isolation
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laterally, lifting the mask structure on the edge, forming a region known as the LOCOS
bird’s beak. The LOCOS bird’s beak varies with the oxidation process. The LOCOS
bird’s beak was a limitation in the control of the channel width of a MOSFET
transistor. This introduced variation in the channel width from the printed images,
leading to variation in the channel width DW and device-to-device matching variation
D (DW).

The LOCOS bird’s beak impacted ESD protection by producing variation between
the junction edge and the salicide edge. LOCOS isolation lead to ESD failure
mechanism due to the relative distance between the salicide (self-aligned silicide)
and the metallurgical junction. In STI structures, the sidewall of the isolation is
vertical, leading to small variations in the location of salicide formation and defin-
ition of the junction edge. STI-defined junctions have eliminated the issue of the
lateral location of the salicide and the metallurgical junction edge by having a well-
controlled lateral variation.

As junctions are scaled in depth in a LOCOS process, the curvature on the edge of the
metallurgical junction leads to higher electric fields with scaling [1,2]. The electric field
enhancement at the curvature region can lead to electrical breakdown, hot electron
effects, and nonuniform current distribution. In two dimensions, the junction is
enhanced on the edge, and at the corners, there is a further enhancement of the electrical
field. From Gauss’ law

r � E ¼ �

"

Addressing the junction curvature at the edges, the divergence can be expressed in
cylindrical coordinates, assuming only a radial component

1

r

@

@r
rE rð Þ½ � ¼ � rð Þ

"

Solving for the electric field

@

@r
rE rð Þ½ � ¼ r

� rð Þ
"

Integrating both sides

Z r

rj

dr
@

@r
rE rð Þ½ � ¼

Z r

rj

r
� rð Þ
"

dr

where the solution can be expressed as a function of the radius of curvature of the
junction rj, and a constant of integration K

E rð Þ ¼ 1

r

Z r
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r
� rð Þ
"

drþ K
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205LOCOS ISOLATION



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH006.3D – 206 – [203–228/26] 9.8.2004 4:53PM

S. K. Ghandi [3] showed that this can be expressed for a one-sided junction, the
cylindrical normalized breakdown voltage can be expressed as

Vcyl

VB
¼ 1

2
�2 þ 2�6=7
� �

ln 1þ 2

�8=7

� �
� �6=7

where the breakdown voltage for a one-sided junction is expressed as

VB ¼ EmW

2
¼ "Em

2

2qNa

and the junction curvature ratio factor

� ¼ rj

Wm

At the corners of the junction, spherical geometry can be assumed where Gauss’ law
can be expressed in spherical coordinates as

1

r2
@

@r
r2E rð Þ
� �

¼ � rð Þ
"

where, solving for the electric field by integration, the solution can be put in the form,
where rj is the radius of curvature of the junction

E rð Þ ¼ 1

r2

Z r

rj

r2
� rð Þ
"

drþ K

r2

with the spherical expression for normalized breakdown voltage

Vsph

VB
¼ �2 þ 2:14�6=7 � �3 þ 3�13=7

� �2=3

As technologies scale, the radius of curvature decreases, lowering the breakdown
voltage of both the cylindrical edges and spherical corners. For a reverse-biased
structure, this leads to initiation of ESD failures at lower voltage conditions. In diode
structures, the lowering of the reverse-bias breakdown voltage can lead to ESD failures
at lower voltages. In MOSFETs, the source/drain junction depth is scaled with
MOSFET gate dielectric thickness, and channel length. As a result, the MOSFET
snapback voltage decreases, leading to lower MOSFET avalanche breakdown. This
scaling effect can be eliminated in diode structures by avoidance of the cylindrical
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and spherical electric field enhancements by extension of the isolation below the
metallurgical junction.

6.1.2 LOCOS-bound ESD Structures

A significant number of structures are suitable for ESD protection and are of interest
for understanding of failure mechanisms. LOCOS-defined ESD structures can consist
of thick oxide lateral pnp and npn bipolar transistors, pþ/n-well diodes, nþ/substrate
diodes, and LOCOS-defined MOSFET structures. LOCOS-defined structures can
include structures that extend well below the LOCOS and junction depth; n-well-to-
n-well and n-well-to-LOCOS-defined nþ junction lateral bipolar transistors also serve
for ESD protection in a LOCOS-defined technology.

6.1.2.1 p+/n-well junction diodes

LOCOS-bound pþ/n-well junction diodes are formed by using the LOCOS isolation to
define the anode region as well as the cathode region of the diode structure [4]. In a
forward-bias operation mode, majority-carrier holes are injected from the anode to the
cathode across the metallurgical junction (Figure 6.2). Minority-carrier holes diffuse
vertically and laterally in the n-well cathode region. Holes that reach the STI-bound nþ

contact recombine. Holes that diffuse vertically recombine in the n-well region or diffuse
to the n-well-to-substrate junction. The ratio of lateral and vertical hole current density
is a function of the n-well profile, sheet resistance and relative distance between the
pþ and nþ contact diffusion.

The ESD robustness of the LOCOS-bound pþ/n-well diode is a function of the
pþ diode length, width, finger number, pþ to n-well contact spacing, single-sided or
wrap-around configuration, and the sheet resistance of the n-well. A pþ/n-well diode
structure performs best as a device when the nþ well contact wraps around the pþ

diffusion, allowing for uniform current distribution. ESD robustness of the pþ/n-well
diode is a weak function of the pþ-to-n-well contact space (e.g. the LOCOS width). The

p-wafer

n-well

n+p+n+
LOCOS

Figure 6.2 pþ/n-well diode structure
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ESD failure level is linear with diode area for approximately the equivalent perimeter.
Experimental results also show that as the pþ/n-well diode perimeter increases, the
ESD robustness increases significantly. Additionally, for a fixed area, as the ratio of
perimeter to area increases, both HBM and MM experimental results showed significant
improvement.

In LOCOS-defined pþ/n-well diodes, to minimize the impact of the silicide penetra-
tion to the metallurgical junction near the LOCOS bird’s beak edge, masks can be used
at the perimeter of the diffusion to prevent failure mechanisms. Since the perimeter of
the LOCOS-defined diffusion has the highest electric field, using a silicide block mask
near the LOCOS bird’s beak edge can allow for the removal of the silicide near the diode
perimeter. The width of the mask can allow for increasing the physical lateral distance
between the silicide and the edge of the metallurgical junction.

Figure 6.3 compares the ESD robustness of a diode structure in LOCOS and shallow
trench isolation for different features sizes. The LOCOS diode ESD performance
exceeded the shallow trench isolation performance for the same structure size.

6.1.2.2 n+ junction diodes

LOCOS-bound nþ junction/substrate diodes provide good characteristics for injection
of current into a p� or p�/pþ substrate. In LOCOS technology, the usage of an
n-junction for ESD protection is a concern because of the variation of the salicide
relative to the metallurgical junction edge. With the introduction of salicide, nþ diffusions
provide good ESD robustness for negative discharge events. As the reverse bias
increases across the nþ diode, the depletion width of the metallurgical junction extends
into the nþ-doped region. With the LOCOS bird’s beak variation, and nþ implant
lateral diffusion variation, the lateral distance between the silicide and the metallurgical

Figure 6.3 ESD performance and feature size (LOCOS–STI comparison)
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junction can vary, increasing the risk of ESD failure mechanisms. As in the LOCOS-
defined pþ/n-well diode structure, a mask to prevent silicide formation near the edge of
the diode can minimize ESD failures.

6.1.2.3 n-well/substrate diodes

In LOCOS technology, n-well diodes in pþ substrates, were used to avoid the penetra-
tion of the aluminum metallurgy and silicide into the metallurgical junction of an nþ

diffusion. In LOCOS-defined diode structures with tapered via formed in aluminum
metallurgy, vertical penetration from aluminum spiking is possible in reverse bias when
the temperature of the via structure exceeds the melting temperature. This is a larger
concern in nþ junctions in reverse-bias HBM events, or in CDM events. To avoid this
concern, early semiconductor technologies utilized n-well diodes instead of nþ junction
diodes.

N-Well-to-substrate metallurgical junctions were not adjacent to the LOCOS edge,
and were significantly deeper which avoided this concern [4]. In a LOCOS-defined
technology, the n-well extends below the LOCOS isolation and nþ diffusion depth.
The LOCOS-defined nþ diffusion serves as the contact to the n-well diode structure.
Because the n-well structure is significantly wider than the nþ diffusion and lateral n-well
out-diffusion the spacing between the silicide edge and the n-well-to-substrate metallur-
gical junction is significantly spaced to avoid silicide induced ESD failure mechanisms.
Because the n-well dopant extends below the LOCOS isolation region, the n-well diode
structures have junction curvature at the diode perimeter at the bottom of the implant.
The advantage of the n-well structure is that the heat is dissipated well below the
LOCOS structure, and provides a good junction area for injection into the substrate.
LOCOS-defined well structures provide improved injection characteristics compared to
the nþ diffusion – to-substrate diode structure. A disadvantage of the n-well structure is
there exists a minimum scalable length preventing scaling of the length of the n-well
diode, and typically a significant higher perimeter capacitance compared to the
LOCOS-bound diode structure. This can be compensated by using a shorter width.

6.1.2.4 Lateral n-well-to-n-well bipolar ESD element

LOCOS-bound lateral n-well-to-n-well bipolar ESD elements are effective solutions to
provide ESD protection for negative discharge events [4]. The n-well extends below the
LOOS region allowing for electrons current to flow between adjacent n-well structures
without impediment of the LOCOS structure. A lateral npn structure consists of a first
n-well serving as an emitter, a p-substrate serving as the base, and a second n-well serving
as a collector. Electrons flow laterally from the n-well emitter to the n-well collector
structure. The n-well emitter can be an LOCOS-defined n-well connected to an input pad,
and the n-well collector can be any adjacent n-well connected to a power supply or power
rail, or a n-well guard ring structure. In this case, the electrons must flow at the LOCOS-
bound n-diffusion diode-to-substrate metallurgical junction to the adjacent n-well region.
In this structure, the emitter area is the LOCOS-defined nþ junction area.

209LOCOS ISOLATION
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6.1.2.5 Lateral pnp bipolar ESD element

LOCOS-bound lateral pnp transistors are formed using the p-channel MOSFET source/
drain implant in an n-well region. A pþ diffusion serves as the emitter, and a second
pþ diffusion serves as the collector, while the n-well serves as the base region. The lateral
pnp transistor has a lateral component whose emitter area is the product of the diffusion
depth and width.

6.1.2.6 Thick oxide MOSFET ESD element

LOCOS-defined thick oxide MOSFET transistors (Figure 6.4) consists of a first and
second n-diffusion separated by a LOCOS isolation region. A metal or polysilicon gate
structure is placed on the LOCOS isolation forming a thick oxide gate structure. The
LOCOS-defined thick oxide transistor has a high MOSFET threshold voltage due to the
LOCOS gate dielectric region. These devices are suitable for a primary stage of an NMOS
ESD network [5–12]. The thick oxide MOSFET was used as ESD networks in the 3–1mm
technology generations. The device operates as a lateral bipolar transistor. These devices
were vary sensitive to the LOCOS bird’s beak, silicide formation, and the spacing from
the drain contact to the diffusion edge. The physics of the drain contact, the salicide, the
edge of the isolation and the metallurgical junction influenced the experimental results,
which gave conflicting results. The three major design variables for these structures were
the length, the width, and the drain contact-to-diffusion edge spacing. Weston et al.
showed that as the base width of the lateral device (thick oxide MOSFET ) decreased,
trigger voltage decreased in a linear fashion. At very short dimensions, leakage was
evident [12]. At very long dimensions, gate oxide breakdown occurred. From the
experimental results on LOCOS-defined thick oxide MOSFET devices, the operation
is very dependent on the control of the spacing between the salicide edge and the
metallurgical junction, which is modulated by the LOCOS bird’s beak. Improvement
in this structure was achieved using silicide masking, silicide removal and abrupt
junctions [5–12].

p-wafer

n+n+p+
LOCOS

Figure 6.4 Thick oxide MOSFET structure
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6.2 SHALLOW TRENCH ISOLATION

Shallow trench isolation (STI) was implemented into semiconductors for MOSFET
constant electric field scaling and junction scaling as well as to address issues connected
with isolation processes such as LOCOS isolation [13]. This technology (Figure 6.5) was
first initiated in the late 1980s and integrated into CMOS DRAM and logic technology
in the early 1990s [13, 14]. The construction of the first STI-defined ESD networks were
initiated by Hargrove and Voldman [15,16].

There are a number of features of STI structures which are significantly different
from LOCOS isolation. Where it was assumed ESD networks would be easily mapped
from LOCOS-defined technology to STI-defined technology, significant ESD under-
standing was required to optimize the ESD networks in STI-defined technology [15–24].
LOCOS isolation was nonplanar with the isolation partially formed above the semi-
conductor substrate surface and partially formed below. The topography of the LOCOS
hampered its ability for scaling in future technology generations. STI structures are
planar with the semiconductor device surface. A second feature known as LOCOS bird’s
beak was a limitation in the control of the channel width of a MOSFET transistor. This
introduced variation in the channel width from the printed images, leading to variation in
the channel width DW and device-to-device matching variation D (DW). STI structures
could maintain planarity with different widths between adjacent structures.

The LOCOS bird’s beak impacted ESD protection by producing variation between
the junction edge and the salicide edge [5–12]. LOCOS isolation lead to ESD failure
mechanism due to the relative distance between the salicide and the metallurgical
junction. In STI structures, the sidewall of the isolation is vertical leading to small
variations in the location of salicide formation and definition of the junction edge. STI-
defined junctions have eliminated the issue of the lateral location of the salicide and the
metallurgical junction edge by having a well-controlled lateral variation.

Another feature of STI structures and STI-defined junctions is that implants formed
at the device surface, such as pþ and nþ implants, have metallurgical junctions which do
not extend below the STI structure. The STI depth is a function of the aspect ratio of
width to depth that is acceptable in a manufacturing environment.

p-wafer

STI

n-well

STI STISTISTI STISTIn+ n+p+

Figure 6.5 STI-bound pþ/n-well diode
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With the STI depth below the metallurgical junction, MOSFET and other surface
implants are scalable without electric field enhancements at the junction edge. As
junction are scaled in depth in a LOCOS process, the curvature on the edge of the
metallurgical junction leads to higher electric fields with scaling. The electric field
enhancement at the curvature region can lead to electrical breakdown, hot electron
effects, and nonuniform current distribution. In two dimensions, the junction is
enhanced on the edge, and at the corners, there is a further enhancement of the electrical
field. Additionally, when the junctions extend below the isolation structure, the perimeter
capacitance exceeds the area capacitance. In STI junctions, there is no radius of curvature
formed at the metallurgical junction–STI interface which could lead to electrical break-
down (except the cylindrical curvature at the corners). Additionally, the perimeter capa-
citance is significantly lower (or negligible) compared with the area capacitance term.

6.2.1 Shallow Trench Isolation Pull-down

Shallow trench isolation avoided the lateral bird’s beak effect of LOCOS isolation
structures, but introduced a new issue [24]. In the formation of shallow trench isolation,
the objective is to achieve a planar interface between the insulator regions and the
silicon areas. Etch and masking processes, and salicide formation volumetric changes,
however, cause a nonplanar intersection of the isolation and silicon areas. In early
development of shallow trench isolation technology, a pad nitride mask is formed over
the silicon areas to avoid silicon etching; after oxide isolation filling, this mask is
removed. The STI regions is exposed during the etch process, leading to nonplanar
STI edges where the silicon region extends above the isolation edges.

In the shallow trench isolation – silicon diffusion regions, the conformally deposited
refractory metal to form a silicide is deposited over the oxide regions and the STI-
diffusion interface. In the formation of the silicide, the silicon laterally diffuses to react
with the refractory metal leading to interface recession. These effects can lead to STI-
perimeter diode leakage (Figure 6.6).

In MOSFET gate structures, gate oxide deposition leads to MOSFET ‘gate wrap-
around’ on the edges. In the ungated edges, as in the diffusion regions, the conformally

Figure 6.6 Shallow trench isolation and STI pull-down
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deposited refractory metal to form the silicide is deposited over the oxide regions and
the STI-diffusion interface. In the gated regions, the MOSFET gate structure wraps
around the edge of the isolation on the channel sidewalls, leading to an enhanced
electric field at the edge of the MOSFET structure. This can lead to higher current
density at the edges of the MOSFET, as well as a three-dimensional MOSFET gate-
induced drain leakage [25].

STI pull-down can be minimized with proper selection of the etch and planarization
process. The leakage effect and nonideal electrical characteristics can also be minimized
by placement of the metallurgical junction of significant distance from the silicide
formation depth.

6.2.2 STI-bound ESD Structures

A significant number of structures are suitable for ESD protection and are of interest
for understanding of failure mechanisms. STI-defined structures can consist of thick
oxide lateral pnp and npn bipolar transistors, pþ/n-well diodes, nþ/substrate diodes, and
STI-defined MOSFET structures. STI-defined structures can include structures that
extend below the STI depth, n-well-to-n-well and, n-well-to-STI-defined nþ junction
lateral bipolar transistors also serve for ESD protection in a STI-defined technology.

In STI-bound ESD structures, the STI-pull down effect can lead to a lowering of the
ESD robustness of the structure [24]. Evidence of the STI pull-down impact to the ESD
structures will be evident from nonideal diode I–V characteristics, and increased diode
leakage current. If the STI pull-down effect is minimized, STI-bound diodes will
typically not show perimeter failure mechanisms as observed in LOCOS-defined ESD
diode junctions.

6.2.2.1 p+/n-well junctions

With the STI structure extending beyond the junction region, lateral thermal transport
is impacted by the isolation structure. The STI region is filled with an insulator structure
which impacts the lateral current flow of carriers under the isolation region, as well as
the thermal flux [18,20,21] (Figure 6.7a).

In Figure 6.7(b), thermal simulation of a STI isolation and an equivalent LOCOS
isolation are compared for a pþ/n-well diode in forward bias. From the results, it can be
observed that the temperature under the STI region is higher than the LOCOS-defined
junction region.

In Figure 6.8, the peak temperature is plotted as a function of time for STI and
LOCOS isolation. As observed in Figure 7(b), the peak temperature during an ESD
event is higher for STI isolation compared to LOCOS isolation.

In Figure 6.9(a–c), emission microscope photon emissions and the Kelvin force probe
microscope image of the STI-bound diode are shown. The KPFM image has removed
the oxide region, leaving a view of the silicon region where electrothermal failure occurs
in STI-bound pþ/n-well diodes. The electrothermal failure occurs from the pþ contact of
the anode to the nþ contact of the cathode. The failure path is through the pþ diode
junction, under the STI region to the nþ well contact.
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In an STI-bound pþ/n-well junction diode is formed by using the STI-region to define
the anode region as well as the cathode region of the diode structure [15–22]. In a
forward-bias operation mode, majority-carrier holes are injected from the anode to the
cathode across the metallurgical junction. Minority-carrier holes diffuse vertically and

Figure 6.7 (a) Electrothermal simulation of STI pþ/n-well diode; (b) Self-heating simulation

comparing LOCOS with STI for a pþ/n-well diode in a retrograde well
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Figure 6.8 Electrothermal simulation of pþ/n-well diode comparing LOCOS and STI structure

Figure 6.9 (Continued)
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laterally in the n-well cathode region. Holes that reach the STI-bound nþ contact recombine.
Holes that diffusevertically recombine in then-well regionordiffuse to then-well-to-substrate
junction. The ratio of lateral and vertical hole current density is a function of the n-well
profile, sheet resistance and relative distance between the pþand nþ contact diffusion.

The ESD robustness of the STI-bound pþ/n-well diode is a function of the pþ

diode length, width, finger number, pþ-to-n-well contact spacing, single-sided or
wrap-around configuration, and the sheet resistance of the n-well [15–24]. A pþ/n-
well diode structure performs best as a device when the nþ well contact wraps around
the pþ diffusion, allowing for uniform current distribution. ESD robustness of the
pþ/n-well diode (Figure 6.10) is a weak function of the pþ-to-n-well contact space
(e.g. the STI width). The ESD failure level is linear with diode area for approximately

N+ Implant
(N-Well Contact)

STI STIP+ Implant
Diode to VDD

Figure 6.9 (a) Emission microscope photon emissions of a pþ/n-well diode structure; (b) emission

microscope photon mapping; (c) Kelvin force probe microscope image

Figure 6.10 ESD and n-well sheet resistance
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the equivalent perimeter. Experimental results also show that as the pþ/n-well
diode perimeter increases, the ESD robustness increases significantly. Additionally,
for a fixed area, as the ratio of perimeter to area increases, both HBM and MM
experimental results show significant improvement. Additionally, ESD robustness
of these structure increases for n-well sheet resistances in the range of 300–1000�/
sq. [15–21].

6.2.2.2 n+ junction diodes

STI-bound nþ junction/substrate diodes provide good characteristics for injection of
current into a p� or p�/pþ substrate [15–18]. In an STI-bound junction, there is no
issue of salicide penetration on the edge of the structure. In LOCOS technology, the
use of an n-junction for ESD protection was a concern because of the variation of
the salicide relative to the metallurgical junction edge. With the introduction of
tungsten contacts, salicide and STI-isolation, STI-bound nþ diffusions provide good
ESD robustness for negative discharge events. Tungsten (W) stud contacts have high
melting temperature (e.g. 3400 �C) with no tendency for contact spiking effects. The
W stud contact combined with the use of STI isolation and salicide, the effective
junction depth (e.g. distance between the silicide atoms and the metallurgical junc-
tion) provides no failure mechanism at low ESD levels. Experimental results showed
testing of nþ diffusion to �10 kV HBM levels without failure in a STI-defined
DRAM technology [17]. STI-bound diode structures are a function of the length,
and width. These structures are not sensitive to end effects as was evident in the STI-
bound pþ diode structures.

6.2.2.3 n-well/substrate diodes

In LOCOS technology, n-well diodes in p-substrate were used to avoid the penetra-
tion of the aluminum metallurgy and silicide into metallurgical junction of an nþ

diffusion. n-Well-to-substrate metallurgical junctions were not adjacent to the
LOCOS edge as well as significantly deeper which avoided this concern. In an STI-
defined technology, the n-well extends below the STI-depth. The STI-defined nþ

diffusion serves as the contact to the n-well diode structure. In an STI-defined
technology, the n-well-to-STI interface is well below the surface. Because the dopant
extends below the STI region, the n-well diode structures (Figure 6.11) have junction
curvature at the diode perimeter at the bottom of the implant, but no curvature at
the STI-to-n-well interface. The advantage of the n-well structure is that the heat is
dissipated below the STI structure, and provides a good junction area for injection
into the substrate. A disadvantage of this structure is there exists a minimum scalable
length preventing scaling of the length of the n-well diode, and typically a significant
higher perimeter capacitance compared to the STI-bound diode structure. ESD
robustness of the n-well-to-substrate diode in a p�/pþ substrate shows HBM levels
over �10 kV HBM [17].
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6.2.2.4 Lateral n-well-to-n-well bipolar ESD element

STI-bound lateral n-well-to n-well bipolar ESD elements (Figure 6.12) are effective
solutions to provide ESD protection for negative discharge events. The n-well extends
below the STI region, allowing for electrons current to flow between adjacent n-well
structures without impediment of the STI structure. A lateral npn structure consists of a
first n-well serving as an emitter, a p-substrate serving as the base, and a second n-well
serving as a collector. Electrons flow laterally from the n-well emitter to the n-well
collector structure. The n-well emitter can be an STI-defined n-well connected to an
input pad, and the n-well collector can be any adjacent n-well connected to a power
supply or power rail, or an n-well guard ring structure [17].

The ESD robustness of this structure is a function of the spacing between the
adjacent wells (Figure 6.13). Experimental results on a p�/pþþ substrate wafer shows
that the ESD robustness achieves HBM levels over �10 kV for spacings of 6 mm. As the
effective base width is reduced from 6 to 3 mm, ESD robustness decreases [17]. This is

p-wafer

STI

n-well 

STI STISTISTI STISTIp+ p+n+

Figure 6.11 n-well diode structure

p-wafer

n-well

STISTI STISTIn+ n+p+

n-well 

Figure 6.12 n-well to n-well diode structure
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also a function of the depth of the well. As the well depth is scaled, the spacing
dependence is equivalent, but the ESD levels are lower [17].

In the lateral n-well-to-n-well structure, the failure analysis shows the silicon
melting regions between the two n-wells during ESD events. This is evident from
Figure 6.14.

Figure 6.13 n-well to n-well ESD structure HBM negative results as a function of well-to-well

spacing

Figure 6.14 Failure analysis of ESD n-well-to-n-well structure
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6.2.2.5 Lateral n+-to n-well bipolar ESD element

STI-bound lateral n-diffusion-to-n-well bipolar ESD elements are effective solutions
to provide ESD protection for negative discharge events. Using an STI-defined n-
diffusion, electrons current flows to an adjacent n-well structure. A lateral npn
structure consists of a first STI-bound n-diffusion serving as an emitter, a p-substrate
serving as the base, and an n-well serving as a collector. Electrons flow laterally from
the n-diffusion emitter to the n-well collector structure. The n-diffusion emitter can be
connected to an input pad, and the n-well collector can be any adjacent n-well
connected to a power supply or power rail, or an n-well guard ring structure. In
this case, the electrons must flow vertically at the STI-bound n-diffusion diode-to-
substrate metallurgical junction, and then laterally to the adjacent n-well region
below the STI region. In this structure, the emitter area is the STI-defined nþ

junction area.

6.2.2.6 Lateral pnp bipolar ESD element

In STI technology, the depth of the isolation extends below the pþ diffusion depth in
semiconductor devices. The formation of a lateral pnp transistor (Figure 6.15) is formed
by two closely spaced STI-defined pþ implants in an n-well region. When the emitter–
base junction is forward biased, the holes will diffuse into the well region. In a retro-
grade well, the vertical built-in field will add a drift current term opposite to the
downward diffusion current term. Holes will flow laterally under the STI region to
the pþ collector region [22].

ESD robustness of ESD networks using the STI-defined lateral pnp device
exceeded 7 kV HBM in a 0.35-mm channel length technology. Atomic force micro-
scope mappings demonstrated the ESD failure occurs under the STI region
(Figure 6.16).

p-wafer

n-well

STISTI STISTIn+ p+ p+

Figure 6.15 Lateral STI-defined pnp structure
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6.3 DEEP TRENCH ISOLATION

Deep trench (DT) isolation was implemented into semiconductors for the reduction of
capacitance in bipolar technologies in the early 1980s. Bipolar memory static memory
cells initially used ‘diffused isolation.’ Diffused isolation structures consisted of a sub-
collector region, a reach-through implant and a connecting implant between the sub-
collector and the reach-through implant. This ‘diffused isolation’ collector structure
added significant parasitic collector-to-substrate capacitance, impacting the perform-
ance of bipolar memory. With the introduction of trench isolation which extended
below the sub-collector, the sub-collector-to-substrate capacitance is reduced. The
development of the deep trench structure transitioned with development from oxide-
filled trench, polyimide-filled deep trench to polysilicon-filled deep trench technology.
This technology was also developed in parallel in DRAM technology [14]. Today, deep
trench structures are common practice in BiCMOS, and BiCMOS silicon–germanium
technology [26–34]. A key focus in trench isolation is the reduction in the collector
capacitance, and the impact on transistor heating [26–29]. Deep trench technology also
influences latchup and ESD robustness [30–34].

6.3.1 Deep Trench Guard Ring Structures

Deep trench isolation can be used for improved isolation of well regions, as a means to
establish isolated epitaxial regions, or as independent guard ring structures [31]. The

Figure 6.16 Atomic force microscope (AFM) image of STI-defined lateral pnp ESD structure
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deep trench structures can be used to minimize lateral parasitic devices, injection into
the substrate, and to improve the latchup robustness of a technology.

Guard ring structures (Figure 6.17) can be used to minimize minority-carrier
injection into the substrate which can lead to noise injection or latchup. Deep trench
guard rings can be used around ESD and I/O elements to reduce the latchup
sensitivity and to provide improved isolation between circuits. A measure of the
value of the ability of a guard ring to isolate circuits is by evaluation of the ‘guard
ring efficiency.’

Given a minority-carrier in a substrate, a carrier either remains within the deep
trench guard ring structure or escapes past the guard ring structure. Hence the prob-
ability of capture and the probability of escape is equal to unity.

PðcaptureÞ þ PðescapeÞ ¼ 1

In the case of a p-substrate, the minority carrier electron can be ‘captured’ either by
recombination within the DT guard ring, or are collected at a metallurgical junction
within the DT guard ring.

PðcaptureÞ ¼ PðcollectedÞ þ PðrecombinationÞ

The probability that an electron escapes beyond the DT guard ring is the probability
that an electron recombines outside the DT guard ring and the probability that an
electron is collected at a structure outside the guard ring.

PðescapeÞ ¼ PðcollectedÞ þ PðrecombinationÞ

Hence the guard ring efficiency of a deep trench structure is related to the probability
that an electron is trapped within the guard ring structure.

Assuming an injection source inside the DT guard ring, and a collecting structure
outside the DT guard ring, an efficiency metric can be defined as F, the ratio of injected
current to the collected current

F ¼ IðinjectedÞ
IðcollectedÞ

n+ p+n+

DTDTDTDT

Figure 6.17 Deep trench structure guard ring
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In this case, the inverse relationship 1/F is the amount of current collected outside the
DT guard ring at an outer structure, normalized to the current injected within the DT
guard ring.

1=F ¼ IðcollectedÞ
IðinjectedÞ

The current that escapes outside the DT guard ring is a function of the current
collected at the outer structure and the current that recombines outside the DT guard
ring. Hence, if the probability that an electron recombines outside of the guard
ring structure, then measured current is the probability of escape outside of the
DT guard ring.

Experimental results show that the probability of escape decreases with trench depth.
Assuming a functional of the power series form, the probability of escape can be
expressed as

1

F
¼ A

LDTð ÞB

Analytical results by Watson and Voldman show that in a p-substrate A¼ 0.3575
and B¼ 0.9568. This indicates that the guard ring metric is proportional to the
inverse of the depth. Inverting the expression, it can be shown that the linear
relationship for F is

F ¼ C LDTð Þ þD

where C¼ 2.7 and D¼�0.19 provides the best fit for the experimental results. These
results show that the guard ring efficiency metric increases at approximately three-fold
for every micrometer of deep trench depth in a p-substrate (Figure 6.18).
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Figure 6.18 Deep trench structure guard ring injection efficiency as a function of trench depth
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6.3.2 Deep Trench and Latchup

Deep trench technology can be used to reduce latchup sensitivity by placement of the deep
trench structure within the lateral parasitic pnpn structure [31]. In semiconductors, lateral
pnpn structures are formed by the pþ and nþ diffusions within the well and substrate,
respectively. The latchup sensitivity of the structure is dependent on the lateral parasitic
bipolar current gain of the lateral pnp, and lateral npn, as well as the well and substrate
resistances. Placement of the deep trench structure on the perimeter of the n-well region
prevents lateral current flow from the pþ diffusion to the substrate, minimizing the lateral
pnp bipolar current gain. Additionally, the placement of the trench structure along the n-
well perimeter also lowers the lateral npn bipolar current gain. The placement of the deep
trench structure leads to an increase of the npn avalanche multiplication. The addition of
the trench structure leads to an increase in the latchup trigger voltage, as well as the
latchup holding voltage and current. The latchup metric results are a function of the n-
well doping concentration and well contact spacing, the substrate doping concentration
and substrate contact spacing, and the deep trench depth (Figure 6.19).

6.3.3 Deep Trench and ESD Structures

Deep trench isolation can be used for ESD protection structures and networks. Deep
trench structures can be used in a pþ/n-well diode ESD structure where the DT isolation
is used to isolate the cathode structure. Deep trench isolation is placed on the sidewall of
the n-well region. Shallow trench isolation is used to define the pþ diffusion anode and
the nþ cathode contact regions. Shallow trench isolation is formed over the deep trench
structure. The ESD pþ/n-well element is isolated from adjacent structures for density
and minimizing lateral interaction. In this structure, the n-well-to-substrate capacitance
is reduced. This element can be used as a forward-biased diode structure with the pþ

diffusion as an anode, and the n-well as a cathode for positive pulse events. In this case,
the pþ/n-well element is influenced by the DT structure as a result of the increase in
thermal resistance. With the trench isolation structure, the thermal impedance to the
bulk substrate increases, leading to a higher temperature near the device surface for the
same input power. From the thermal resistance models, the peak temperature will
increase. An advantage of this structure is injection to the substrate is reduced and
interaction laterally with adjacent elements for improved isolation, increased latchup
immunity, and reduction of minority-carrier holes into the semiconductor substrate.

n+ p+ p+n+

DTDT
n-well

DTDT

Figure 6.19 Deep trench latchup structure
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Additionally, the element can be used as a n-well-to-substrate diode element for
negative pulse events, where the substrate serves as the anode, and the n-well serves
as the cathode. With the trench isolation structure, the thermal impedance to the
bulk substrate increases, leading to a higher temperature near the device surface for
the same input power. From the thermal resistance models, the peak temperature will
increase. An advantage of this structure is the reduction of interaction laterally with
adjacent elements for improved isolation, density and increased latchup immunity.
Experimental results (Figure 6.20) shows that ESD failure with the deep trench
structure is two-fold lower than the structures without the DT boundary (in the case
when the DT structure is approximately twice the depth of the collector–substrate
metallurgical junction).

DT isolation can be used to form diode structures used as an isolation structure for
the anode region instead of the cathode region. In this fashion, the region below the
STI-defined pþ implant and the nþ implant is in a low-doped p-region. Using a sub-
collector, and DT region, the sub-collector and the DT isolates the low doped p-region
from the p-substrate region. In this device, the DT serves as a means to isolate the anode
and cathode from the semiconductor chip substrate [34].

In Chapter 7, MOSFET drain structures and salicides will be discussed. MOSFET
drain structures and salicide have significant influence on ESD protection. Since the
literature has a tremendous focus on MOSFET drain structures, this will not be
emphasized in depth. MOSFET drain engineering evolution as well as the transition
from titanium to cobalt salicide will be discussed. A discussion on titanium properties,
the transition to low resistance and the use of molybdenum in assisting the transition is
briefly addressed. A focus will be maintained on thermal models on salicides relating to
the self-heating effects from ESD events.

PROBLEMS

6.1. Assuming an ESD event which leads to 10V across a junction, calculate the electric
field difference between a LOCOS-bound junction and an STI-bound junction
based on the S. K. Ghandi curvature relationships.

6.2. Derive the transmission probability relationship for the deep trench structure.
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Figure 6.20 ESD sub-collector-to-substrate diode HBM results with and without deep trench
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6.3. Derive a bipolar transistor model where there is a first n-well region, a trench of
depth L, and a second well region. How does the gain relate to the trench depth and
the probability of escape?

6.4. What are the reflection, absorption and transmission coefficients, assuming three
types of region between a first and second surface: a p-contact region, a well region,
or a trench region.
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7 Drain Engineering, Salicides
and ESD

Drain engineering and salicides have a considerable influence on the ESD robustness of
MOSFET transistors. In this chapter, we will focus on recent advancements in drain
engineering and salicide films. Technology evolved from abrupt junctions, to low-doped
drains, to extension drain implants which influenced the ESD robustness of MOSFET
and gated diode structures. As the literature is extensive on the ESD results with
different drain structures, the chapter will focus more on the evolutionary trend of the
silicides. The evolution from titanium to cobalt silicide will also be discussed in its
relevance to ESD devices and ESD engineering.

7.1 JUNCTIONS

Drain structures are the region of the transistor where significant self-heating occurs
during ESD events [1–10]. The ESD current flows from the MOSFET drain-to-source
region in the channel region. During the ESD event current is flowing through the drain
and the source region. In this physical region, Joule heating occurs in the drain structure.
The current density in the junction region can be assumed simplistically to be equal to
the total current divided by the cross-sectional area of the MOSFET drain junction,

J ’ I

Weff xJð Þ

where Weff is the effective width of the MOSFET, and xJ is the depth of the
MOSFET source/drain junction. The Joule heating can be assumed to be equal to
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current density times the electric field in the drain structure. This can be expressed as the
square of the current density divided by the conductivity

1

�

I

WeffXJ

� �2

MOSFET source/drain junctions have been optimized for the scaling of the MOSFET
devices according to MOSFET constant electric field scaling theory. In MOSFET
constant electric field scaling theory, the dimensions and doping concentration are
scaled to provide a constant electric field across the MOSFET gate dielectric. From
MOSFET constant electric field scaling, with the scaling parameter, �

L0 ¼ L

�

W 0 ¼ W

�

t0ox ¼
tox

�

and to maintain dimensional similitude, the junction depth must be scaled as

XJ
0 ¼ XJ

�

Assuming the ESD current is fixed, and for a fixed conductivity of the drain region,
the scaling of the Joule heating in the junction will follow as

1

�

I

W 0
effX

0
J

� �2
1

�

I

WeffXJ

� �2 ’ �4

From this relationship, the scaling of the metallurgical junction according to MOS-
FET constant electric field scaling theory would lead to an increasing Joule heating in
the MOSFET drain structure with a fixed ESD current and fixed drain conductivity.
Hence, MOSFET drain engineering has a significant effect on the ESD robustness of a
MOSFET transistor structure. Hence, the problem is as the MOSFET junction is
scaled, the drain conductivity, and the film thickness of the physical film will play a
role in the ESD sensitivity of transistors. In order to maintain a constant ESD robust-
ness of MOSFET structures, a scaling relationship is needed which prevents the impact
of MOSFET constant electric field scaling.

Additional to the scaling of the MOSFET junction depth, the introduction of silicide
films in the MOSFET transistor to reduce MOSFET series resistance is critical. As the
MOSFET junction depth is scaled, the series resistance of the MOSFET increases.
Hence with the formation of the silicide film, the resistance is lowered. The introduction
of the silicide has two effects for ESD. First, the current density is further increased
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since the current flows through the low-resistance thin silicide film leading to higher
current densities (even above the aforementioned Joule heating scaling). Additionally,
lateral resistor ballasting reduces the effective width of the MOSFET structure.

7.1.1 Abrupt Junctions

MOSFET drain structures use a single implant drain structure for the source and drain
implant. In an abrupt junction (Figure 7.1) the ESD current flows from the contact region
along the complete junction depth of theMOSFET drain structure. Joule heating occurs in
the MOSFET drain structure due to the high electric field and current from an ESD event.

The current density in the junction region can be assumed simplistically to be equal
to the total current divided by the cross sectional area of the MOSFET drain junction,

J ’ I

Weff xJð Þ

where Weff is the effective width of the MOSFET, and xJ is the depth of the MOSFET
abrupt source/drain junction. The scaling of the MOSFET junction would follow

XJ
0 ¼ XJ

�

As the MOSFET abrupt junction is scaled the electric field in the MOSFET overlap
region increased, leading to an increase in the hot electron sensitivity. As a result, the
MOSFET abrupt junction is not able to be extended to advanced MOSFET develop-
ment and has been replaced by the low-doped drain (LDD) MOSFET structure.

7.1.2 Low Doped Drains

To allow scaling of the MOSFET structure junction depth and to maintain hot electron
and low-overlap capacitance objectives, the MOSFET device drain structure needs to

p-wafer

STI

Abrupt
Junction Gate

Figure 7.1 MOSFET with abrupt junction
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provide MOSFET doping grading [1–4]. Abrupt junction MOSFETs require a minimum
overlap region, which leads to considerable MOSFET gate-to-drain capacitance. The
high electric fields also increase the hot electron sensitivity of the MOSFET transistor.
The MOSFET drain structure grading was achieved using a low-doped drain (LDD)
MOSFET drain structures. MOSFET LDD transistors consist of single LDD and
double LDD implants. In the MOSFET LDD structures (Figure 7.2), two different
dopants types are used (e.g. phosphorus and arsenic) to provide a further grading of the
MOSFET drain structure. In an abrupt junction the ESD current flows from the
contact region along the complete junction depth of the MOSFET drain structure.

In an LDD MOSFET structure, the current flows through the standard drain
structure, followed by flow along the LDD implant region. Since the junction depth
of the LDD region is less than the drain contact region, the current density in the LDD
finger region is significantly higher.

Additionally, as a result of the lower doping concentration, the resistance of the
LDD region is higher than the standard region. The combination of the shallower
MOSFET LDD metallurgical depth and the lower doping concentration leads to an
increase in the Joule heating during an ESD event. During the ESD event current is
flowing through the drain and the source region where Joule heating occurs in the
MOSFET drain structure. The current density in the junction region can be assumed

J ’ I

Weff XJð ÞLDD

where Weff is the effective width of the MOSFET, and xJ is the depth of the MOSFET
LDD metallurgical junction. In the optimization of the LDD MOSFET region, the
resistance is reduced by using two implants of different diffusion characteristics. With
the reduction of the MOSFET LDD resistance, the Joule heating in the MOSFET
finger region can be reduced. With the introduction of the MOSFET LDD structure,
the ESD robustness of the MOSFET device decreases. The ESD robustness reduction
with the introduction of the MOSFET LDD region in essence is a MOSFET scaling
impact. To maintain constant ESD robustness, a new ESD scaling parameter is needed
which maintains the constant ESD robustness of the MOSFET structure. This is

p-wafer

LDD

STI

Junction Gate

Figure 7.2 MOSFET with LDD junction
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achievable by maintaining the MOSFET junction depth to allow the current to flow
through the complete MOSFET source/drain region. In actuality, this solution is
utilized by placement of an additional implant over the MOSFET LDD region. Com-
paring the LDD case with the abrupt junction, we can define the parameter as

P0
diss

� �
LDD

Pdiss
’

1

� 0ð ÞLDD

I

Weff XJð ÞLDD

� �2
1

�

I

WeffXJ

� �2

In this expression, we can prevent the ESD robustness degradation of the MOSFET
LDD device, given that, as the junction is scaled, the above expression remains a
constant. To maintain ESD robustness, for the same MOSFET effective width, the
product of the conductivity and the square of the junction depth must remain constant.

7.1.3 Extension Implants

Extension implants were introduced in MOSFET drain structures when the series
resistance of the MOSFET LDD region impacted MOSFET performance. The MOS-
FET extension implants (Figure 7.3) are of a higher doping concentration compared
with the MOSFET LDD structure. MOSFET extension implants for technology gen-
erations smaller than 0.25 mm technology generation when the LDD and double LDD
MOSFET structures were not suitable from a performance objective. From an ESD
perspective, the MOSFET extension implant region reduced the I2R Joule heating in the
MOSFET device compared with the MOSFET LDD and double LDD structures.

In this structure, the extension implants allow for the MOSFET source/drain
implants to be spaced farther apart and comparatively deeper than the LDDMOSFET.
From an ESD perspective, for MOSFET second breakdown, the deeper source/drain
implant region will allow a larger emitter area for the lateral MOSFET bipolar transis-
tor. As a result of the lower resistance in the MOSFET extension implant, and the

p-wafer

Extension

STI

Junction Gate

Figure 7.3 MOSFET with extension implants
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deeper MOSFET source/drain region, MOSFET second breakdown results have not
significantly reduced with the introduction of the MOSFET extension implant drain
structure. Figure 7.4 shows the trend of the technology with the changes in the drain
structure as well as MOSFET channel length scaling.

7.2 SALICIDES AND ESD

Refractory metal films are used in semiconductors in conjunction with silicon to form
silicide films [11–24]. Silicides are used in semiconductor technology to form low-
resistance regions where resistance is an impediment to design or chip performance.
Silicides have a considerable effect on ESD protection [1–10,25–31]. The deposition of
refractory metal on the silicon surface can lead to a Schottky barrier whose current
characteristics are

J ¼ A�T2 exp � q�B
kT

� �
exp

qV

nkT

� �
� 1

� �

where A* is the Richardson constant. The barrier height of the Schottky barrier is a
function of the silicide compound. It has been shown [11] that the barrier height is a
function of the heat of formation, DH

�B ¼ 0:83� 0:18 �Hð Þ

If the doping concentration of the silicon surface is high, carriers tunnel through the
barrier, leading to a low-resistance contact structure. In MOSFET structures, because
of the tunneling process, silicides are used extensively. Silicides are formed on MOSFET
gate structures, interconnects, contacts, and source/drain diffusions. Low-resistance
gate structures allow scaling of the MOSFET channel length without the RC delay of
the gate imposing a performance impact. Self-aligned silicides (salicides) are formed on
MOSFET source and drain junctions to minimize the series resistance of the diffusions.

0.0 0.2 0.4 0.6 0.8 1.0

4

6

8

10

Vsnapback

Vsustain

V
ol

ta
ge

 (
V

)

Channel Length  Leff (µm)

Figure 7.4 MOSFET snapback and sustaining voltage compared with technology migration
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Source and drain resistance can impact the drive drain-to-source current in a MOSFET
structure. In RF CMOS, lowering of the source and drain resistance is important for RF
performance at high frequency.

Silicides are formed on the emitter and base structure of silicon homojunction bipolar
transistors and silicon–germanium heterojunction bipolar transistors. In bipolar tran-
sistors, the emitter and collector resistance impacts the bipolar collector-to-emitter
performance. The unity current gain cutoff frequency is impacted by series resistance
and the delay time of an electron through the emitter, base and collector regions. For Si
BJT and SiGe HBT devices, the maximum unity power gain cutoff frequency is
impacted by the base resistance. Silicides can play a key role in reduction of the
resistance in the emitter and base regions in high-performance transistors.

Whereas these low-resistance regions provide performance advantages in MOSFET
and bipolar transistors, the proper placement and formation of silicides can influence
ESD robustness. High currents in low-resistance silicide films can lead to nonuniform
current distribution, current ‘robbing’ and impacting resistor ballasting in the structure
or plurality of structures. At the same time, with proper placement or formation of
silicides, current distribution can be enhanced with improved results [26, 28–31]. Under-
standing of silicide films at high current is important for MOSFET devices, bipolar
transistors, silicided polysilicon films, electronic fuses, and other semiconductor com-
ponents.

As previously discussed, in the formation of the shallow trench isolation, the object-
ive is to achieve a planar interface between the insulator regions and the silicon areas.
Etch and masking processes, and salicide formation volumetric changes, however, cause
a nonplanar intersection of the isolation and silicon areas. In formation of shallow
trench isolation regions, they are exposed during the etch process, leading to nonplanar
STI edges where the silicon region extends above the isolation edges. In the shallow
trench isolation – silicon diffusion regions, the conformally deposited refractory metal
to form a silicide is deposited over the oxide regions and the STI–diffusion interface. In
the formation of the silicide, the silicon laterally diffuses to react with the refractory
metal, leading to interface recession. These effects can lead to perimeter diode leakage.

Figure 7.5 STI and salicide structure highlighting STI pull-down
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The depth of the salicide can be defined as a depth XSAL, and the depth of the
metallurgical junction as XJ, we can define an effective junction depth XJEFF [31] where

XJEFF ¼ XJ � XSAL

The leakage effect and nonideal electrical characteristics can also be minimized by
placement of the metallurgical junction at all significant distance from the silicide
formation depth (e.g. XJEFF is large enough to avoid salicide penetration into the
metallurgical junction, Figure 7.5).

7.2.1 Salicide Resistance Model

Assuming a resistance model which has a first-order variation in the variable tempera-
ture of the form

R ¼ R0 1þ �Tð Þ

let us define a relationship where the temperature in the film is a function of the thermal
impedance, and the input power

T ¼ �THP

In this form, we can substitute into the resistance expression,

R ¼ R0 1þ ��THPð Þ

Substituting in the current–resistance relationship for power [25]

R ¼ R0 1þ ��THI
2R

� �
and solving for the resistance R

R ¼ R0

1� ��THI2

To evaluate the change in the resistance as a function of the current magnitude, it can
be shown that

1

R

dR

dI
¼ 2R0��THI

1� ��THI2

This analysis assumes that the current is constant, and that the material does not
change state during the self-heating process. In silicide films, the state of the material
can change resistance and transformation can occur. Hence, we can assume a form
where the resistance changes state during the heating process. We can assume a heuristic
form

R ¼ R0ðSÞ þ RðI ;V;SÞ
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where R(I,V) is a resistance value which is a function of the current, voltage, temperature,
self-heating and material state of the film structure. Hence the validity of the equation is
associated with the specific states to that power or current level.

For pulsed events, we can relate the temperature change to the input power into the
device. Assuming a pulsed event, Tasca assumed the absorbed energy into the device can
be of the form

Ph i ¼ I2R
	 


¼ I2 Rh i ¼ I2
R0 þ R

2

� �

where the average resistance is the average of the initial resistance and the final
resistance. Equating this to an energy expression, the amount of absorbed energy is
equal to the absorbed input power times the pulse width. Additionally, we can relate the
temperature as the heat capacity times the change in the temperature.

E ¼ CthT ¼ P� ¼ I2
R0 þ R

2

� �
�

Solving for temperature

T ¼ I2

Cth

R0 þ R

2

� �
�

From this form we can substitute this into the expression for resistance [25]

R ¼ R0 1þ ��
I2

Cth

R0 þ R

2

� �� �

Solving for resistance R

R ¼ R0

1þ ��R0

2Cth

� �
I2

� �

1� ��R0

2Cth

� �
I2

� �

In this form, the resistance as a function of current can be evaluated in a film for d.c.
and pulsed conditions.

7.2.2 Titanium Silicide

Titanium silicide is of significant importance in the semiconductor industry because of
its common usage in most semiconductor technologies. Titanium silicide has wide
acceptance because of its characteristics of low resistivity, good thermal stability and
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self-alignment with silicon [11–17]. It is also very important in electrostatic discharge
(ESD) applications because of its use on MOSFET, diodes, resistors and bipolar
transistors [26, 28–31]. Titanium silicide forms on single-crystal silicon and polysilicon.
A key reason why silicides are very important for ESD applications is because of its
properties of low resistivity, film thickness, and the regions where silicides are formed.
First, the low resistivity leads to elimination of the natural ballasting resistance within
semiconductor devices, leading to current constriction and nonuniform current distri-
bution. The low resistivity lowers the electrical and thermal stability of devices. For
example, in a bipolar transistor which uses silicide on the emitter reduces the electrical
and thermal stability of a circuit in a common emitter configuration. Second, the thin
film thickness leads to high current density. High current densities lead to significant
Joule heating in the silicide films. As the temperature in the silicide increases, the
silicides can penetrate the metallurgical junction, leading to failure, or undergo thermal
instability and phase transformation. A third issue is that silicides are typically formed
in the regions where device performance with low resistance is desired. These same
regions, in many cases are also the regions of devices which are ESD sensitive. For
example, MOSFET source drain regions use TiSi2 to reduce the MOSFET source/drain
region. In a bipolar transistor, silicides are used in the emitter and base region. In the
bipolar transistor, the emitter–base junction region is the most ESD-sensitive region of
the transistor. Additionally, the design of how and where the silicide is formed can lead
to nonuniform current distributions and regions of peak self-heating. With self-heating,
the nature of the silicide films is modified. Hence, the nature of the film, and its thermal
stability is important to provide ESD robust devices.

When the titanium silicide is self-aligned with silicon, it is referred to as Titanium
salicide. The formation of TiSi2 requires two silicon atoms for each deposited titanium
atom. TiSi2 is a polymorphic material and may exist in two states. TiSi2 may exist in a
orthorhombic body-centered (C49) state with 12 atoms per unit cell, or a thermodyna-
mically favored orthorhombic face-centered (C54) state with 24 atoms per unit cell
[15–18]. The phase transformation kinetics that influence which state the TiSi2 resides
is a function of the surface energy, film thickness, and microstructure. With technology
scaling, the junction depths are scaled, requiring a scaling of the silicide film to avoid
refractory metal atoms near the metallurgical junction.

The metastable C49 phase has a higher resistance (of the order of 60–90 m� cm) than
the thermodynamically favored C54 phase (12–20 m� cm). It is known that initially in
processing that the C49 phase of TiSi2 forms first, and that the transition to the C54
phase requires a transformation process. The transformation from the C49 to C54 phase
is a function of the surface energy, film thickness, microstructure [15–18]. The surface
energy can be varied by adding impurities to the TiSi2 or varying the substrate wafer
materials. As the film thickness decreases, the transformation from the C49 to C54
phase is more difficult, with a smaller process window. If the time of formation is long,
the TiSi2 film undergoes undesirable agglomeration. As the silicide is formed, it under-
goes a gradual transition from an initial high resistance to a low resistance where at
times only a fraction of the film undergoes the transformation

� ¼ �0 � � tð Þ
�0 � �f
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The process of transition is similar to nucleation and growth mechanisms of incuba-
tion, induction, rapid growth and then slow completion. For thin films this can be
explained by the Johnson–Mehl–Avrami equation

ln 1� �ð Þ ¼ ��

Z t

0

T2N t� �ð Þ2d�

where N is the nucleation rate, T is the growth rate, t is the process, time � is the
induction period [15–18]. From this relationship, by knowing the process time, the
percentage of the transformed film can be calculated and from this knowledge, the film
TiSi2 resistivity can be estimated.

In a TiSi2 film, a seed of the C54 phase must be present in order to initiate the
nucleation process. As the line width is decreased, the probability of a C54 phase crystal
structure decreases. Experimental results showed that the C54 grain size is influenced by
the diffusion width on which the salicide is formed. As semiconductor devices are scaled,
the ability to achieve the low-resistance state is less probable, with a decreasing process
window between the C49 phase and agglomeration. Additionally, it was found that the
transition from the C49 to the C54 phase is also more difficult in nþ diffusions relative
to a pþ diffusion. In the early 1990s this was believed to be due to arsenic atoms in the
nþ diffusion influencing the transformation. In the mid-1990s it was shown that the
molybdenum atom from the implanters assisted the transition from the C49 to the C54
phase. The introduction of the Mo atoms assisted in the extension of TiSi2 to smaller
linewidths [19,22,23].

For ESD applications silicide block masks are used on diffusions to prevent TiSi2
formation in some regions of the design. Note that the reduction of the area can
influence the transformation of a region to the low-resistivity C54 state.

In the development of the film, if the heating process continues, a rapid transition can
occur between the transformation and the agglomeration process. After periods of
heating, the TiSi2 C54 phase microstructure at the grain boundaries becomes thin and
begins to separate physically. As the heating continues, the interior atoms of the TiSi2
C54 separate into independent regions, leading to increased series resistance.

During an ESD event, the self-heating in the salicide film can lead to agglomeration.
The C54 phase microstructure separation can lead to nonuniform current distribution
and instability. As the temperature of the ESD event increases, the likelihood of
agglomeration also increases. The shift in the resistance can be observed as latent failure
mechanisms.

When the salicide penetration is too significant or STI pull-down occurs, the leakage
current in a junction can increase. Figure 7.6 is an example of STI-bound pþ/n-well
diode leakage as a function of no TiSi2, and two process thicknesses. In this hardware,
where STI pull-down as well as a small XJeff the ESD robustness decreases with the
thickness of the salicide (Figure 7.7).

Figure 7.8 demonstrates the salicide damage and crystal transformation after the
ESD event on a STI pþ/n-well diode. Two regions are evident in the damage pattern.

To eliminate the impact of STI pull-down, various experiments have been performed
to increase the effective junction depth. Figure 7.9 is an example of using a B11 implant
and germanium pre-amorphization anneal. Disposable spacers were also attempted to
increase the distance between the pull-down region and the salicide formation.
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With the placement of additional implants, the ESD robustness of the diode structure
can be demonstrated. Figure 7.10 shows the STI-bound pþ/n-well diode structure with
B11 and an additional 20 keV implant.

With the introduction of polysilicon-bound diodes, the STI pull-down effect can
be avoided. Figure 7.11 is an example of a polysilicon-bound pþ anode structure.
Figure 7.12 is an example of a second structure which has no isolation region between
the pþ and nþ implant.

Figures 7.13 and 7.14 shows comparison of the STI-bound diode structure and the
polysilicon-bound diode structures. Experimental results demonstrate the improvement
of the ESD HBM robustness with the addition of the polysilicon structure.

Figure 7.6 STI-bound pþ/n-well leakage with no TiSi2 compared with 28 and 34 nm of TiSi2

Figure 7.7 STI-bound pþ/n-well HBM ESD results with no TiSi2 compared with 28 and 34 nm

of TiSi2
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ESD measurements in MOSFET structures show that the introduction of TiSi2
junctions lead to a two-fold reduction in the ESD robustness of MOSFET structures
[32]. This reduction has led to salicide block masks and other means of preventing ESD
degradation from salicide. From this work, significant effort was devoted to eliminating
silicide from LOCOS-defined MOSFET source and drain junctions.

Figure 7.8 Salicide damage and crystal transformation after an ESD event on an STI pþ/n-well diode

Figure 7.9 ESD HBM results of a STI-bound diode with a 40 keV Ge-PAI implant and a second

Ge-PAI with a disposable spacer
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In shallow trench isolation (STI), diode structures demonstrated the opposite effect
when no STI pull-down was evident [26, 31]. STI-bound diode structures were con-
structed with and without titanium disilicide. ESD measurements showed that the HBM
ESD levels decreased with increased sheet resistance of the STI-bound pþ source/drain
implant. For STI-bound pþ diodes with no salicide and pþ sheet resistances from 20 to
28�/sq., HBM ESD robustness varied from 3.1 to 3.5 kV where the ESD robustness
improved for the lower sheet resistance values. For STI-bound pþ diodes with titanium
disilicide and pþ sheet resistances from 2.8 to 3.2�/sq., HBM ESD robustness varied
from 3.6 to 4.2 kV where the highest ESD robustness is for the lowest sheet resistance
value [26,31].

Figure 7.10 ESD HBM results for a STI-bound pþ diode structure with a standard B11 implant

and an additional deep 20 and 30 keV implant

Figure 7.11 Polysilicon gate defined pþ anode with STI-defined nþ cathode
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7.2.3 Molybdenum and Titanium Salicide

For titanium disilicide, the phase transformation kinetics from the C49 to the C54 state
is limited by a low driving force from the small transformation enthalpy and high
activation energy ( e.g. greater than 5.0 eV). The metastable C49 phase has a higher
resistance (of the order of 60–90 m� cm) than the thermodynamically favored C54 phase
(12–20 m� cm) and the phase transition is limited by the number of C54 nuclei that exist
within the silicide area. This is known as ‘fineline effect’ where the phase transition is
limited by the number of nuclei. As the linewidth decreases, this continues to become a
problem. Various approaches have been taken to initiate the full transition from the
C49 to C54 state, such as rapid thermal annealing (RTA), doing with antimony (Sb),
and germanium pre-amorphization implants (PAI). It was shown by R. Mann et al. that
molybdenum (Mo) implanted prior to titanium deposition can eliminate the fineline

Figure 7.12 Polysilicon gate defined p–n diode structure

Figure 7.13 ESD HBM results for STI- and polysilicon-bound diode structures (with Ge-PAI

process)
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structure issue that occurs in the titanium disilicide [19,22,23]. The molybdenum
implant depth is such as to be consumed in the silicon required to form the titanium
disilicide. According to Mann et al., the molybdenum enhances the nucleation of C54 in
the C49 matrix by increasing the number of active grain triple junctions in the C49
where the C54 nucleation occurs. The molybdenum segregates into the C49 grain triple
point, lowering the nucleation energy for C54 phase transformation [19,22,23].

The importance of the Mo-implanted TiSi2 salicide is two-fold. First, the ability to
eliminate the fineline effect from the titanium disilicide allowed extension of titanium
disilicide into smaller linewidths in advanced technologies. A second issue, the Mo
changes the physical stability of the titanium disilicide, leading to a different sensitivity
to self-heating during and ESD event. During an ESD event, even prior to thermal
runaway, the temperatures in the silicide films can exceed the activation energies of the
titanium disilicide film, and can lead to shifts in the morphology and film stability.
Evaluation of MOSFET transistors demonstrate the microstructure of the titanium
disilicide films is changed from self-heating as after MOSFET second breakdown.
Evaluation of pþ/n-well diodes also demonstrate the change in the crystalline structure
beyond the diode power to failure levels.

According to Kittl et al., Mo-implanted titanium disilicide films have lower thermal
stability compared with standard titanium disilicide [24]. The lower thermal stability of
the Mo-implanted TiSi2 will lead to a higher likelihood of resistance shifts and latent
damage in the ESD stressed structure. Banerjee demonstrated that the TCR of the
Mo-implanted film he tested had a higher temperature coefficient of resistance (TCR)
leading to a higher increase in resistance during stressing as a function of an applied
TLP pulse current [25].

Voldman first demonstrated the ESD testing of Mo-implanted TiSi2 films on shallow
trench isolation (STI)-bound and polysilicon-bound pþ/n-well diodes [31]. The ESD
results demonstrated that the transformation of the titanium disilicide more fully into
the C54 state led to an improvement in both diode structures, where the polysilicon-
bound diode structure showed superior ESD robustness [31].

Figure 7.14 ESD HBM results for STI- and polysilicon-bound diode structures (with Ge-PAI

process)
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7.2.4 Cobalt Silicides

Whereas titanium silicide is of significant importance in the semiconductor industry in
1.0–0.25 mm technology, because of the sheet resistance linewidth dependence, Cobalt
silicide was needed for future technologies [13,14,24]. Titanium silicide had wide accept-
ance because of its characteristics of low resistivity, good thermal stability and self-
alignment with silicon, but the problem of the transformation from the high resitivity
orthorhombic body-centered (C49) state to the thermodynamically favored orthorhom-
bic face-centered (C54) state at small linewidth limited its use in advanced technologies.
This is critical in MOSFET gates whose physical polysilicon gate width is below 1 mm.
Cobalt salicides vary from the formation of CoSix to CoSi2. Cobalt salicide formation
of CoSi2 undergoes transitions from [13,14].

Co ! Co2Si ! CoSi ! CoSi2

Using cobalt salicide, the linewidth of the polysilicon gate structures and diffusions
can be reduced. It is anticipated that as the linewidth becomes small compared with the
cobalt salicide grain size, nucleation of CoSi2 at line edges may influence the rate of
transformation. With the introduction of cobalt salicide, although it achieved objectives
of low resistivity in MOSFET gate structures, it led to significant junction leakage in
ultra-low junctions. Early leakage measurements by Goto et al. pointed out that the
cobalt salicide leakage problem was driven by an area effect as opposed to perimeter
effects [20,21]. Goto et al. claimed that cobalt salicide leakage issues occurred at the
phase transition temperature from Co2Si to CoSi as a result of CoSi spikes through the
metallurgical junction area. It is well known that leakage current is a concern from the
stress-induced Co2Si/CoSi/Si triple points leading to area spiking [20,21].

With the low resistivity achieved in the cobalt salicide film, structures with salicide
films will be sensitive to ESD events [25]. Cobalt salicide can be an advantage or a
disadvantage for ESD elements, depending on the semiconductor device. A disadvan-
tage of cobalt salicide is the cobalt salicide (CoSi2) melting temperature of 1326 �C
compared with the TiSi2 melting temperature of 1500 �C. Hence, ESD elements or
circuit elements whose current stressing leads to temperatures near the melting tem-
peratures are more likely to fail at a lower critical current with cobalt salicide. Add-
itionally, ESD structures or circuit elements whose local temperatures initiate
agglomeration will also lead to salicide-induced degradation mechanism. Cobalt stabil-
ity and spiking has been demonstrated to decrease with germanium pre-amorphization
implants prior to the cobalt deposition.

Where cobalt salicide is an advantage was demonstrated in STI-bound pþ/n-well
diode structures [31]. In a pþ/n-well diode structure, the low sheet resistance of the
cobalt provides better current distribution in the diode anode. In experimental work,
comparing no salicide, titanium salicide and cobalt salicide, the ESD results improved in
this order, with the cobalt salicide HBM ESD results achieving double the no salicide
case (Figure 7.15). Voldman showed excellent ESD robustness in cobalt salicide STI-
bound pþ/n-well diode structures [31].

Cobalt salicide was formed using a 7 keV 0.18mm deep B11 implanted STI-bound
junction for a 2.5 V technology. Using germanium pre-amorphization implant
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(Ge-PAI), Cobalt-induced leakage increases from cobalt spiking was eliminated. In this
hardware, two different cobalt processes demonstrated HBM ESD robustness superior
to a TiSi2 process, where the TiSi2 diodes achieved approximately 3000V HBM (see
Figure 7.13). The CoSix STI-bound diodes demonstrated results above 3000V, with
some data exceeding 4000V [31].

In Chapter 8, dielectrics and ESD will be discussed. The chapter will primarily
discuss the physics of the dielectrics. To address dielectrics in general would be quite
extensive, hence a limited view of the dielectrics is shown.

PROBLEMS

7.1. Derive the temperature of the junction assuming the geometry is a parallelepiped.
Assume three junctions: the abrupt junction, the LDD junction, and the extension
implant. Compare the relative temperature of the three different profiles.

7.2. Derive the temperature assuming no current flows through the silicon region and
only through the salicide film in a MOSFET structure. What is the power in the
salicide film?

7.3. Assuming titanium and cobalt salicide films, what is the relative difference in
temperature during an ESD event accounting for the thickness and sheet resist-
ance differences?

7.4. Given the relationship for the temperature is

T ¼ �THP

substitute this expression into the Wunsch–Bell relationship where the above
temperature is the failure temperature, and the power is the critical power to
failure.

Figure 7.15 ESD HBM results of a STI-defined pþ/n-well diode with titanium and cobalt

processes
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7.5. Given a cobalt film and a titanium salicide film have different sheet resistances,
derive the ratio of the resistances using the expression

R ¼ R0

1þ ��R0

2Cth

� �
I2

� �

1� ��R0

2Cth

� �
I2

� �

7.6. Apply the Smith–Littau relationship for a resistor element to the relationships in
this chapter. How do these development differ? How are they related?
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8 Dielectrics and ESD

Chapter 8 addresses ESD events and dielectrics. The ESD dielectric models of Fong and
Hu on dielectric failure will be discussed. This will be followed by the work of D. Lin,
addressing the distinction of the model between d.c. and pulsed phenomena. The
chapter will primarily discuss the physics of the dielectrics. To address dielectrics in
general would be quite exhaustive, hence a small view of the dielectrics is shown. By
focusing on the analysis and physical phenomenon, the material will remain relevant for
the future.

Dielectric films represent an important ESD concern in semiconductor technologies
because of their ESD sensitivity, and because of scaling issues [1–10]. The effect of a
high electric field in a transient environment of the gate dielectric integrity is a MOS-
FET scaling and ESD scaling issue. As functional performance demands increase, the
oxides are scaled. At the same time, for performance objectives, ESD structures are
being scaled to smaller devices, leading to an increased interest in dielectrics.

Human body model, machine model and transmission line pulse testing of receiver
networks can lead to ESD failure of MOSFET dielectrics in the MOSFET receiver gate
structures [11–15]. Charged device model (CDM) testing of components demonstrate
that the dielectrics of receiver networks are a concern from current flowing from the
substrate or well regions through the gate electrode [16–20].

From MOSFET technology scaling, the MOSFET gate thickness and channel length
are scaled to maintain dimensional similarity and to maintain a constant electric field.
With the MOSFET scaling, the evolution of the drain structure to maintain the same
hot electron sensitivity leads to new drain and spacer structures.

Figure 8.1 is a plot of the MOSFET snapback and sustaining voltage for successive
technologies.

Comparing MOSFET second breakdown and MOSFET gate dielectric breakdown
as a function of technology scaling, the dielectric breakdown and the MOSFET second
breakdown voltage converge as devices are scaled (Figure 8.2). As a result, both the
MOSFET second breakdown and dielectric breakdown should be evaluated for predic-
tion of ESD failure.

ESD: Physics and Devices Steven H. Voldman
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8.1 FONG AND HU MODEL

In this section we will look at various dielectric models, associated with ESD failure of
dielectrics. For MOSFET constant electric field scaling, the dielectric film scales as

t0 ¼ t

�

From the hole trapping model, it is believed that oxide breakdown is due to the
generation of holes and the trapping of these holes at localized weak areas in the
cathode region. From this assumption, Fong and Hu noted that the density of trapped
holes can be expressed as

Qot
þ tð Þ / J Eoxð Þ� Eoxð Þt
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Figure 8.1 MOSFET snapback and sustaining voltage as a function of the MOSFET channel
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where Qot
þ is the density of trapped holes, J(Eox) is the Fowler–Nordheim tunneling

current density, �(Eox) is the hole generation coefficient, and t is the stress time [21]. The
Fowler–Nordheim tunneling current exponential term can be expressed as

J / e�B=Eox

and the hole generation coefficient exponential term is expressed as

� Eoxð Þ / e�Heff=Eox

where the parameter Heff is a function of the oxide thickness. Solving for time, we can
express time in the form

t / Qot
þ tð Þ

J Eoxð Þ� Eoxð Þ

when the density of trapped holes achieves the maximum value where breakdown
occurs, the time t is the breakdown time. This can then be expressed as

tBD / Qot
þ tBDð Þ

J Eoxð Þ� Eoxð Þ ’ Qot
þ tBDð Þ exp ðBþHeffÞ Eox=f g

In this form, it was pointed out by Fong and Hu that for a fixed electric field, the
different MOSFET gate dielectric thicknesses will result in different time-dependent
breakdown field dependence as a result of the hole generation coefficient. In this
derivation, the Fowler–Nordheim coefficient is a constant value. The expression for
the breakdown can then be treated as a empirical relationship with a two-parameter form

tBD ¼ C1 exp C2 Eox=f g

where it is understood that the parameter C1 is associated with the density of trapped
holes divided by the normalization coefficients of the Fowler–Nordheim equation and
hole generation coefficient, and the parameter C2 is associate with the Fowler–
Nordheim coefficient B, and the hole generation term Heff. In this form, plotting the
log (tBD) versus 1/Eox the slope of the line is the coefficient C2, and the intercept is
related to C1. Fong and Hu showed that the parameter C1 (in seconds) increased from
4.4� 10�33 to 5.8� 10�16 and the parameter C2 decreased from 840 to 496 for oxides
from 200 to 55Å.

A failure criterion can be established using this form where failure occurs when the
integral over time is such that it is greater than the parameter C1

Z
dt exp � C2 EoxðtÞ=ð Þf g > C1

From this physical model, as the dielectric is scaled, the breakdown voltage
decreases.
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Figure 8.3 shows an example of the breakdown voltage as a function of dielectric
thickness for an oxide. As the oxide becomes thinner, the breakdown voltage continues
to decrease.

From the Fong and Hu model, the breakdown voltage is inversely proportional to
the electric field in the oxide. The form of the dielectric time to breakdown can be shown
according to Figure 8.4.

The same experimental results can be represented as proportional to the oxide
electric field instead of the inverse relationship. Figure 8.5 shows a sample of data from
Figure 8.4 in a form proportional to the electric field across the oxide.

In ESD phenomenon, MOSFET gate receiver failures occur in the MOSFET
n-channel transistor from positive discharge events, and in the MOSFET p-channel
transistor from negative discharge events. MOSFET n-channel breakdown voltages are
typically lower than the p-channel breakdown voltages. Figure 8.6 shows an example
of the probability of gate oxide failure as a function of breakdown voltage for an
n-channel and a p-channel MOSFET.
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8.2 LIN MODEL

With the scaling of thin dielectrics, the dielectric thickness and the time dynamic plays a
role in the dielectric thickness. In this model, the dielectric breakdown changes with the
oxide thickness and time dependence.

Assume a voltage is applied to a dielectric film. As the applied electric field is
established, electrons are injected into the dielectric film. As the electrons are injected,
the density of trapped holes increases with time. Assume an electron current density J,
where the balance of holes is a function of the number of trapped holes from impact
ionization, and the recombination cross-section of trapped holes. The hole trapping and
recombination cross-section are both a function of the electric field [22]

e
dp

dt
¼ �J � �Jp
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Figure 8.5 Time to breakdown tBD as a function of the oxide electric field Eox
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Assuming a constant current density J, and under the assumption that the coeffi-
cients are not time dependent, then this expression can be put in the form

e
dp

dt
þ �Jð Þp ¼ �J

The solution for the hole density as a function of time can be obtained from a first-
order linear ordinary differential equation with constant coefficients and a constant
drive term. Solving the equation

p tð Þ ¼ �

�
1� exp

�J

e
t

� �� �

From the solution, it can be observed that the hole density approaches an equili-
brium value of the ratio of the ionization rate and recombination cross-section, and that
the time constant for this to occur is the time

� ¼ e

�J

In this model, the hole population increases until the equilibrium value where hole
generation is compensated by hole recombination. In the previous dielectric model, hole
recombination was not addressed. In the Fong and Hu model [21], there is a linear
increase in hole generation until dielectric breakdown occurs. In this model, breakdown
will occur if the saturation equilibrium level of holes is equal to or greater than the
charge to breakdown density.

In the Lin model [22] it is assumed that the impact ionization rate is a function of the
electric field magnitude F, but that the capture (annihilation) cross-section is assumed to
be a constant. Let the impact ionization parameter be a function of the electric field, in
the form of

� ¼ �0e
�H=F

From Gauss’s law, the derivative of the electric field is equal to the charge over the
dielectric constant in the dielectric film

dF

dx
¼ � e n� pð Þ

"

In the approximation that the hole density is significantly higher than the electron
density in the dielectric, this can be simplified to

dF

dx
¼ ep

"
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Separating the variables, we can put Gauss’s law in the form

Z
"

ep tð Þ

� �
dF ¼

Z
dx

Combining the Gauss’s law expression and the time-dependent hole density, the
integral expression can be integrated over the dielectric region. In this expression, in
order to integrate the equation, the field, and spatial terms must be separated. Putting in
the field dependence of the ionization coefficient in the equation, where

"�

e�0

1

1� exp � �J

e
t

� �� �Z Fc

Fa

dF exp
H

F

� �
¼
Z tox

0

dx ¼ tox

where the integration is over the oxide region, and the bound of the integration for the
electric field is the field at the anode and cathode region. The voltage across the oxide
can be expressed as the integration of the electric field across the oxide region.

V ¼
Z tox

0

Fdx

Substituting in Gauss’s law where the charge is a function of the hole population, the
differential in x can be expressed as the differential in the electric field

V ¼
Z Fc

Fa

F
"

e

� � dF

p tð Þ

� �
¼ "

e

� �Z Fc

Fa

FdF

p

Hence, we now have two integral equations where the first is equal to the oxide field
and the second is equal to the voltage across the oxide.

tox ¼
"�

e�0

1

1� exp � �J

e
t

� �� �Z Fc

Fa

dF exp
H

F

� �

V ¼ "

e

� �Z Fc

Fa

dF
F

p
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The dimensionless variables for time, field strength, thickness and voltage are

� ¼ �J

e

� �
t

E ¼ 1

H

� �
F

T ¼ e�0

"�H

n o
tox

U ¼ e�0

"�H2

n o
V

The equation for the oxide thickness and voltage can be put in the dimensionless
form

1� e��ð ÞT ¼
Z Ec

Ea

dE exp 1=Ef g

1� e��ð ÞU ¼
Z Ec

Ea

dEE exp 1=Ef g

8.3 CHARGE TO BREAKDOWN

To determine the breakdown of the dielectric film from ESD events, we must evaluate
the charge to breakdown. From the normalized equations of the voltage and the oxide
thickness, and the dimensionless variables for time, field strength, thickness and
voltage

� ¼ �J

e

� �
t

E ¼ 1

H

� �
F

T ¼ e�0

"�H

n o
tox

U ¼ e�0

"�H2

n o
V
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where the oxide thickness and voltage can be put in the dimensionless form [22]

1� e��ð ÞT ¼
Z Ec

Ea

dE exp 1=Ef g

1� e��ð ÞU ¼
Z Ec

Ea

dEE exp 1=Ef g

Initially, the hole population inside the dielectric is zero since there is no initial
trapped charge and the electric field is uniform. Since the electric field at the cathode
and the anode are the same, the bounds of integral are equal.

As normalized time increases, the normalized voltage U, across the electrode
increases. Placing the normalized voltage in the form for small t, we can write

U ¼ 1

1� e��

Z Ec

Ea

dEE exp 1=Ef g

or in the small time limit

U ffi 1

�

Z Ec

Ea

dEE exp 1=Ef g

and for the normalized dielectric equation

T ¼ 1

1� e��

Z Ec

Ea

dE exp 1=Ef g

and the small time limit

T ffi 1

�

Z Ec

Ea

dE exp 1=Ef g

As the holes are generated, and the normalized time parameter approaches infinity,
the charge in the dielectric will approach the equilibrium level if the level is below the
breakdown value. The positive hole charge is equal to the hole density integrated over
the dielectric region. This can be equated to the electric field relations from Gauss’s law
integrated over the normalized electric field.

Qþ �ð Þ ¼ e

Z tox

0

pdx ¼ "

Z Fc

Fa

dF

this can be written in the normalized variable form

Qþ �ð Þ ¼ e

Z tox

0

pdx ¼ "

Z Fc

Fa

dF ¼ " Fc � Faf g ¼ "H Ec �ð Þ � Ea �ð Þf g
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Lin showed that, from first-order perturbation theory [23], the normalized integral
equations can be expressed as

1� e��ð ÞT ¼ Ec � Eað Þe1= Eh i

1� e��ð ÞU ¼ Ec � Eað Þ Eh ie1= Eh i

From the first-order perturbation form, we can relate the dimensionless average
electric field to the normalized thickness, and the normalized voltage. From the two
equations, by division, the average electric field is

Eh i ¼ U

T
¼ V

Htox

or the voltage across the dielectric can be expressed as a function of the ionization rate
constant, the average electric field and the oxide thickness.

V ¼ H Eh itox

From the relationship of the charge to the electric field at the cathode and the anode,
we can express this as a function of the average electric field from the perturbation
analysis,

Qþ �ð Þ ¼ "H Ec �ð Þ � Ea �ð Þf g ¼ "H ð1� e��ÞT exp �1=hEif gf g

where we can put it in un-normalized form in the oxide thickness

Qþ �ð Þ ¼ e�0

�
tox 1� e��ð Þ exp �1 hEi=f gf g

In this form, the charge in the dielectric as a function of the normalized time can be
expressed as a function of the ionization rate, the hole recombination cross-section, the
oxide thickness, and the average electric field.

Given that the recombination time is significantly longer than the time of interest, the
expression can be evaluated in the small time limit. In the small time limit, the expo-
nential can be approximated as

e�� ’ 1� �

Qþ �ð Þ ffi e�0

�
tox �ð Þ exp �1 hEi=f gf g

where in un-normalized form, the charge in the oxide can be expressed as

Qþ �ð Þ ffi e�0tox
J

e
t

� �
exp �1 hEi=f g

� �
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In the small � limit, the recombination cross-section cancels out, and the charge
generation in time is a linear in time. In essence, given that a time constant expansion
was formed on the differential equation, where the recombination time was significantly
longer than the characteristic time of the differential equation for hole generation, the
equation would have been a first-order linear differential equation with only the drive
term associated with the hole generation.

A general expression for the charge to breakdown is the charge needed to initiate
breakdown based on the thickness, average electric field and the normalized time.

QBD
þ ¼ e�0

�
tox 1� e��ð Þ exp �1 hEi=f gf g

From this development, the amount of electrons injected into the dielectric can also
be calculated from the hole population. This can be solved from

e
dn

dt
¼ J

Q �ð Þ�¼ �
Z t

0

Jd� ¼ Jt ¼ e

�
�

Relating the first-order perturbation form for the holes

Qþ �ð Þ ¼ e�0

�
tox 1� e��ð Þ exp �1 hEi=f gf g

where we can substitute in the electron generation for the normalized time constant,
relating the hole and the electron charge population,

Qþ �ð Þ ¼ e�0

�
tox 1� exp � �

e
Q� �ð Þ

n o� �
exp �1 hEi=f g

n o

Solving for the electron charge density,

Q� �ð Þ ¼ � e

�
ln 1� �Qþ �ð Þ

e�0tox
exp 1= Eh if g

� �

Letting the breakdown criteria be associated with the measured injected current and
the time to breakdown, we can obtain the charge to breakdown associated with the
electron charge, as

Q�
BD ¼ JtBD

Substituting this into the hole charge density, we can obtain the charge to breakdown
for the holes as

QBD
þ ¼ e�0

�
tox 1� exp � �

e
QBD

�
n o� �

exp �1=hEif g
n o
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and

QBD
� ¼ � e

�
ln 1� �QBD

þ

e�0tox
exp 1= Eh if g

� �

8.4 CRITICAL DIELECTRIC THICKNESS

For ESD analysis of dielectrics, the thickness dependence of the dielectric breakdown
strength is a parameter of interest. This can be obtained from the charge to breakdown
formulation [21–23]. The charge to breakdown for the hole carriers and the injected
electrons can be expressed as

QBD
þ ¼ e�0

�
tox 1� e��ð Þ exp �1=hEif gf g

QBD
� ¼ � e

�
ln 1� �QBD

þ

e�0tox
exp 1= Eh if g

� �

The charge to breakdown expression can be put in the form

QBD
þ ¼ e�0

�
ð1� e�� Þ tox �0 exp �1=hEif gf g½ �

or

NBD
þ ¼ �0

�
ð1� e�� Þ

h i
tox �0 exp �1=hEif gf g½ �

The number of holes to breakdown can be then expressed as a first term associated
with the equilibrium level and the time response to achieve the equilibrium level. Note
that this first term is not a condition of breakdown, but the result of the competition
between the ionization and recombination.

The second term is associated with the ionization rate and a spatial position. Lin
points out that this term is associated with a condition of breakdown, analogous to
breakdown derivations of the form Z

�dx ¼ K

where K is a constant. As an example, the condition for avalanche multiplication in a
junction space charge region is

M ¼ 1

1�
Z xc

xa

�dx
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Hence, avalanche breakdown occurs when the integral from the anode to the cathode
over the integral of the ionization rate is equal to unity.Z xc

xa

�dx ¼ 1

By analogy, we can address the expression as

�0 expð�1=hEiÞf gtox ¼ K

or rearranging, we can have

�0 tox expð�1=hEiÞf g ¼ K

Hence, for a constant charge to breakdown and constant time � , we can express this
as a breakdown condition with a average electric field breakdown value, FBD

tcrit ¼ tox exp � 1

EBDh i

� �
¼ tox exp � H

FBDh i

� �

where

�0tcrit ¼ K

From this form, solving for the average electric field at breakdown,

FBDh i ¼ H

ln
tox

tcrit

� �

Letting

FBDh i ¼ VBD

tox

then

VBDh i ¼ Htox

ln
tox

tcrit

� � ¼ H

1

tox
ln

tox

tcrit

� �

8.5 ESD PULSE EVENTS AND CHARGE TO BREAKDOWN
DIELECTRIC MODEL

ESD events are a time-dependent transient phenomenon. The general first-order differ-
ential equation with variable coefficients and a time-dependent current drive term is
needed for evaluation of the charge to breakdown.
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Assume the ESD source is a capacitor element. This can represent the machine
model, cassette model, or a limit of the human body model. Given a capacitor element
C and area of the gate dielectric A, a current I from the source, and a current density J
which is the current through the dielectric.

�C
dV

dt
¼ I ¼ JA

From this form

J tð Þ ¼ �C

A

dV tð Þ
dt

From the general solution of the hole generation as a function of time, we can substitute
in the current density from the above relationship to determine the integration factor

p tð Þ ¼

Z t � t 0ð ÞJ t 0ð Þ
e

exp

Z t 00 �J t 00ð Þ
e

dt00

" #( )
dt0

exp

Z t �J t 0ð Þ
e

dt0
� �

Solving for the integrating factor by substitution of the current density relationship
to the terminal source variables C and V

Z t �J t0ð Þ
e

dt0 ¼ �

e

Z t

J t0ð Þdt0 ¼ �

e

Z t

�C

A

dV t0ð Þ
dt0

� �
dt0 ¼ � �C

eA

Z V

dV

Solving for the areal trapped hole density

Qþ ¼ e

Z tox

0

p x;1ð Þdx

Using the voltage integral form of the integration factor, the area trapped hole
density is equal to

Qþ ¼ tox
C

A

Z V0

� exp � �C

eA
V

� �
dV

In this form, it can be observed that the charge is proportional to the charge of the
source and the oxide thickness, and the rate of the charging in the integral is a function
of the ionization rate, and of an exponential factor whose time constant is the product
of the number of electrons and the recombination cross-section.

Under the assumption that the exponential factor is small

Qþ ’ tox
C

A

Z V0

� 1� �CV

eA

� �
dV
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Given that V<< eA/�C, and substituting in the relationship for the ionization
coefficient, we obtain

Qþ ’ tox
C

A

Z V0

� 1½ �dV ¼ tox
C�0

A

Z V0

0

exp �Htox

V

� �
dV

With a transformation of variables, this can be put in the form

Qþ ¼ C H�0f g tox
2

A

� �Z Htox=V0

0

exp � 1

x

� �
dx

In this form, it can be seen that the charge is a function of the ESD source capacitor,
the ionization rate parameters, and the geometric variables of the charging dielectric.
The integral expression is a function of the ratio of H tox to the charging voltage source
of the ESD event.

8.6 TRANSIENT PULSE EVENTS AND CHARGE TO BREAKDOWN
DIELECTRIC MODEL

ESD events, such as human body model, machine model, and charged device model, are
high-current pulses which are time dependent. These events vary in magnitude and can
have different polarities. In the previous sections, the electron current density J was
assumed constant and of single polarity. In the case of a positive voltage on the gate
structure, the electrons are attracted to the positive electrode.

To evaluate the charge to breakdown in the environment of a transient pulse, we
must address both a time-varying current drive term, as well as a time-dependent
ionization rate. Assume a voltage is applied to a dielectric film. As the applied
electric field is established, electrons are injected into the dielectric film. As the
electrons are injected, the density of trapped holes increases with time. Assume an
electron current density J, where the balance of holes is a function of the number of
trapped holes from impact ionization, and the recombination cross-section of
trapped holes. The hole trapping and recombination cross-section are both a func-
tion of the electric field.

Generalizing to include time-dependent current source and ionization rates, the
ordinary differential equation becomes

e
dp tð Þ
dt

¼ � tð ÞJ tð Þ � �J tð Þp tð Þ

Assuming a time-dependent current density J, and under the assumption that the
ionization rate is time dependent, but the recombination cross-section is not time
dependent, then this expression can be put in the form

dp

dt
þ �J tð Þ

e

� �
p ¼ � tð Þ

e
J tð Þ
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The hole density as a function of time can be solved as a the general first-order
ordinary differential equation with variable coefficients and a time-dependent drive
term.

Solving the equation, the integrating factor is

� tð Þ ¼ exp

Z t �J �ð Þ
e

d�

� �

then the solution to the general first-order ordinary differential equation is

p tð Þ ¼ 1

� tð Þ

Z t

� sð Þ � sð ÞJ sð Þ
e

� �
dsþ C

� �

and we can solve for the hole density as a function of time as

p tð Þ ¼

Z t � t 0ð ÞJ t 0ð Þ
e

exp

Z t 00 �J t 00ð Þ
e

dt 00

" #( )
dt0

exp

Z t �J t 0ð Þ
e

dt 0
� �

From Gauss’s law, the derivative of the electric field is equal to the charge over the
dielectric constant in the dielectric film

dF

dx
¼ � e n� pð Þ

"

In the approximation, that the hole density is significantly higher than the electron
density in the dielectric, this can be simplified to

dF

dx
¼ ep

"

Separating the variables, we can put Gauss’s law in the form,

Z
"

ep tð Þ

� �
dF ¼

Z
dx

where

p tð Þ ¼

Z t � t 0ð ÞJ t 0ð Þ
e

exp

Z t 00 �J t 00ð Þ
e

dt 00

" #( )
dt0

exp

Z t �J t 0ð Þ
e

dt 0
� �
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Combining the Gauss’s law expression and the time-dependent hole density, the
integral expression can be integrated over the dielectric region. The voltage across the
oxide can be expressed as the integration of the electric field across the oxide region.

V ¼
Z tox

0

Fdx

Substituting in Gauss’s law where the charge is a function of the hole population, the
differential in x can be expressed as the differential in the electric field

V ¼
Z Fc

Fa

F
"

e

� � dF

p tð Þ

� �
¼ "

e

� �Z Fc

Fa

FdF

p

Hence, we now have two integral equations where the first is equal to the oxide field
and the second is equal to the voltage across the oxide.

tox ¼
Z

dx ¼
Z Fc

Fa

"

ep tð Þ dF

V ¼ "

e

� �Z Fc

Fa

dF
F

p

with

p tð Þ ¼

Z t � t 0ð ÞJ t 0ð Þ
e

exp

Z t 00 �J t 00ð Þ
e

dt 00

" #( )
dt0

exp

Z t �J t 0ð Þ
e

dt0
� �

The dimensionless variables for time, field strength, thickness and voltage are

� ¼ �J

e

� �
t

E ¼ 1

H

� �
F

T ¼ e�0

"�H

n o
tox

U ¼ e�0

"�H2

n o
V

8.7 ULTRA-THIN DIELECTRICS

With oxide scaling, the issue of current conduction, temperature effects, gate oxide
tunneling, soft breakdown and the gate oxide reliability become an important part of
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the discussion of the oxide response to the applied voltage [24–33]. As the oxides become
thinner, soft breakdown becomes more likely in the 2–7 nm gate dielectric thickness
regions. Weir et al. [27] showed that there is an increasing incidence of soft breakdown.
As the oxides are scaled to 2 nm thickness, the ability to determine breakdown based on
voltage drops or current spikes were not detectable, and the only ‘failure’ indication was
based on increase in the noise.

Experimental work from Rosenbaum et al. for oxides in the 2.2–4.7 nm range using
1 ns VF-TLP pulse demonstrate that the oxide data continue to follow a 1/E model for
time-dependent breakdown [29]. Experimental results show that the data for three
different oxide thicknesses overlay in a linear fashion on a log (tBD)–1/Eox plot. The
experimental work showed that the ESD-induced trap state generation was also found
to be pulse-width-dependent [29]. It is postulated that the pulse-width-dependent trap
state generation is associated with a temperature acceleration. As oxides continue to
scale, the ESD concerns of these structures will continue to be an issue.

From the work of Weir et al. [33], breakdown is a statistical issue where, as the gate oxide
area is reduced, the probability of failure decreases. Breakdown of oxides from transmission
line pulse events is a statistical process. The larger the gate oxide, the higher the probability of
a defect initiating the breakdownprocess. For example, as the area of the gate oxide decreases,
the probability of failure decreases. This can be represented according to Figure 8.7.

The breakdown voltage depends on the area, where

V1 ¼ V2 �
1

Vacc

� �
1

�

� �
log

A1

A2

� �

where V1 is the breakdown voltage for area A1, and V2 is the breakdown voltage for
area A2. This can be expressed as

V1 ¼ V2 �
1

Vacc

� �
1

�

� �
log

ln 1� f2ð Þ
ln 1� f1ð Þ

� �

where f1, and f2 are associated with the failure fraction.
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Figure 8.7 Example of probability of dielectric failure as a function of breakdown voltage for an

NFET and PFET gate for two different area gates
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In Chapter 9, interconnects and ESD are discussed. The wiring levels, vias and
interlevel dielectric films will be discussed. The physics of the interlevel dielectrics and
ESD is relevant to the current on dielectrics, but with thicker films. The primary focus
on the next chapter will be the interconnect itself, and how the dielectric thermal
properties influence the interconnect robustness. Interconnects and ESD will be dis-
cussed in terms of aluminum interconnects, copper interconnects, and copper/low-k
interlevel dielectric systems relevant to today’s semiconductor chips.

PROBLEMS

8.1. Given the dielectric thickness scales with each technology generation according to
the MOSFET constant electric field scaling parameter �, derive the breakdown
voltage assuming a d.c. model.

8.2. Given the dielectric thickness scales with each technology generation according to
the MOSFET constant electric field scaling parameter �, derive the breakdown
voltage assuming a transient pulse model.

8.3. What is the trigger voltage needed for an ESD network under the constraint that
each technology generation dielectric thickness is scaled according to the
MOSFET constant electric field scaling parameter?

8.4. What is the necessary charge and current allowed by an ESD network under the
constraint that each technology generation dielectric thickness is scaled according
to the MOSFET constant electric field scaling parameter?

8.5. Given that a transmission line pulse rise time trise, is an integer multiple of electron
transport time across a dielectric film, where the transport is ballistic, relate the
Lin model to both the rise time and the electron transport time. Derive the
relationship assuming tunneling transport.

8.6. Derive the ratio of the Fong and Hu model to the Lin transient model for QBD.
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9 Interconnects and ESD

In this chapter, interconnects and their importance in ESD robustness in semiconductor
components will be discussed. The chapter will discussion the evolution of interconnects
from aluminum-based interconnects, to copper interconnects, and copper/low-k inter-
level dielectric interconnect systems. These models will be extended to address voids,
and insulator ‘fill shapes.’ The chapter will continue to discuss the role of microstructure
changes and material changes as a result of ESD events. A brief discussion will also
include the issue of insulator thermal and mechanical stress effects from ESD events.
Although there is a number of interconnect models, the focus will be on a few of these.
The methods developed in Chapters 2–5 are all applicable to the case of the interconnect
because the interconnect and via are a parallelepiped structures. Hence the models of
Wunsch–Bell, Tasca and Smith–Littau are all appropriate to addressing interconnects.
The distinction is the boundary conditions and geometric distinctions of modern inter-
connect systems. Instead of repeating an exhaustive list of interconnect models, new issues
such as Ti/Al/Ti, Cu, low-k dielectrics, fill shapes, voiding, ESD electromigration studies
and other issues are briefly addressed. These models are also suitable and applicable for
understanding ESD failures in magnetic recording devices such as magnetoresisitive
heads, giant magnetoresistive heads, and tunneling magnetoresistive heads.

High-current robustness of interconnects was a concern in the semiconductor indus-
try because of the need to evaluate component survival in military applications[1–9].
Electrothermal models were developed to evaluate the power to failure of the inter-
connects during an electromagnetic pulse (EMP) event. The focus historically was to
provide an understanding as a function of a broadband pulse. The models of Wunsch–
Bell [1], Tasca [2,3], Smith [4–6], Egelkrout [7], Kinsbron [8] and Pierce [9] addressed the
reliability of the interconnects as a function of pulse width and the resistor geometry for
passivated and unpassivated elements.

In today’s advanced technologies, the ESD issue is scaling [10–12]. With the con-
tinued improvement of MOSFET performance, and an increase in circuit density with
each successive technology generation, on-chip interconnect wiring and via scaling
must keep pace with the MOSFET constant electric field scaling. With the decreasing
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transistor gate delay, the on-chip interconnect RC delay contribution plays a more
significant role in receiver delay [13–20].

Additionally, as the total number of logic gates increases, the number of external I/O
connections also increase. This relationship is known as Rent’s rule

NI=O ¼ A Ngates

� �B
where NI/O is the number of peripheral input-output (I/O) circuits, Ngates is the number
of logic gates, and the parameters A and B are constants, dependent on the technology,
type, and application of the semiconductor chips. It has been shown that the constant
A¼ 0.5 and B¼ 0.5. As a result, as the number of circuits on a chip increase, the number
of I/O increases, requiring smaller interconnect width for wireability. This is inherently
valid in high-pin-count applications where electrical connections are arranged in an
array configuration as opposed to the peripheral of a semiconductor chip.

In today’s advanced high-performance technologies, the need for reduced resistance
and capacitance interconnects has lead to an evolution from Ti/Al/Ti or Al-based
interconnect systems to copper (Cu)-based interconnect systems. To further improve
interconnect performance, low-k dielectrics have been introduced.

With the demand for circuit density, wireability, array I/O architecture, and receiver
performance requirements, aluminum interconnects have become a dominant ESD
failure mechanism. For example, the interconnect delay component of a CMOS gate
delay, excluding the intrinsic delay, can be expressed as

Tg

� �
extrinsic

¼ fgRdCwLw þ 0:4RwCwLw
2 þ 0:7RwCrLw

where the extrinsic gate delay involves the interconnect-related delay terms, Rd and Cd

are the MOSFET output resistance and capacitance, respectively, Cr is the MOSFET
receiver switching capacitance, Rw,Cw and Lw are the resistance, capacitance, and the
line length of the interconnect, and fg is the circuit fan-out. As the technology is scaled,
the interconnect delay terms become an increasingly larger component of the total
extrinsic gate delay expression. As a result, the scaling of the interconnects with the
MOSFET constant electric field scaling at the interconnect – transistor integration
plane. The issue of the scaling of the interconnect system with the technology generation
(Figure 9.1) is key to the reason why interconnect ESD robustness is an issue in
advanced technologies.

The transition from Al-based to Cu-based interconnect systems, and the transition
from silicon dioxide-based inter-level dielectric films to low-k dielectric films has a
significant effect on the ESD robustness of the interconnect system. The material change
influences the critical current to failure as well as the failure mechanisms.

9.1 ALUMINUM INTERCONNECTS

High-current robustness of interconnects was a concern in the semiconductor industry
because of the need to evaluate component survival in military applications. Aluminum
interconnects became a standard in semiconductors because of the compatibility with
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the inter-level dielectric, material properties and the ability to define the interconnects
with masking techniques.

Aluminum interconnects are formed on the planar dielectric film. Aluminum inter-
connects consist of a refractory metal film below and above the aluminum film. The
refractory metal assists in the adhesion of the aluminum with the interlevel dielectric
material. Typically, a standard process consists of titanium (Ti) and titanium nitride
(TiN) where the TiN provides the adhesion between the dielectric and Ti film. To
quantify the ESD robustness of a Ti/Al/Ti interconnect, the geometric definition is
important for its evaluation. Hence a model must be established to address both the
thermal physics and geometry [21].

Resistance is defined according to the linear relationship

R Tð Þ ¼ R0 1þ �Tð Þ

where R(T) is the dynamic resistance at the temperature T, R0 is the initial resistance,
and a is the temperature coefficient of resistance (TCR). From this form, we can solve
for temperature in the interconnect, as

T ¼ R Tð Þ � R0

�R0
¼ 1

�

�R

R0

� �

To relate power and thermal impedance to the resistance, the differential resistance
dR(T) is expressed as

dR ¼ �R0dT

where we define temperature as the product of the heat fluence and the thermal
impedance

T ¼ q�TH

Figure 9.1 Interconnect and via scaling as a function of technology generation
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The total differential of temperature can be expressed as

dT ¼ q�TH þ �THdq

The heat flux is equal to the input power from conservation of energy. Substituting in
terms of power for the heat flux, the total differential resistance can be expressed as

dR

R0
¼ � Pd�þ �dPð Þ

Since the impedance is constant, and integration of the expression from the initial to
final resistance

�R

R
¼ Rf � R0

R0
¼ ��THP

Hence, the normalized resistance change is proportional to the product of the
thermal impedance, power and temperature coefficient of resistance. Combining Joule
heating (P¼ I2R) and resistance (R¼ rL/A), and substituting in for the current density
J, the the expression of normalized differential resistance can be expressed as [21]

�R

R
¼ ��THJ

2�LA

From the normalized differential resistance, we can solve for the thermal impedance as,

�TH ¼ 1

J2

�R=Rb c
��LA

From this formulation, the thermal impedance can be extracted from the resistance
change and the current density.

In a Ti/Al/Ti interconnect, the interconnect cross-section is rectangular. The liner
film exists on the top and the bottom of the film, but not on the sides of the interconnect
(Figure 9.2). Since the interconnect is a composite film, with the refractory metal having

Figure 9.2 Aluminum and copper interconnect structures
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a high resistance value, an effective resistivity model can be used where we assume the
effective resistivity is

�eff ¼
�Al

1� 2�=yð Þ ¼
�Al

@

where the geometrical dimensions are the liner bottom � and line height y.
Assuming a critical energy Ecrit, at which the interconnect failure occurs, this can be

related to the product of the average energy input during a pulse event. Assuming that
the current is constant during the pulse, time, and the current can be removed from the
average, where the average resistance is the the mean between the initial and final
resistance value.

Ecrit ¼
Z �t

0

P tð Þdt ¼ I2
Z �t

0

R tð Þdt ¼ 1

2
R0 þ Rf½ �I2�t

We can define an expression which is the normalized change in resistance as

�crit ¼
Rf � R0ð Þ

R0

and express the critical energy according to the normalized change in resistance at
failure

Ecrit ¼
1

2
R0 2þ �critð Þ½ �I2�t

Energy can be related to the heat capacity and heat of fusion,

E ¼ C�T þmiLf

Hence, when the temperature is the critical temperature of failure, then the energy
expression is the critical energy. From the resistance relationship with temperature,
we can substitute in for the temperature change as a function of normalized resistance
change, and the temperature coefficient of resistance

Ecrit ¼ C
�crit
�

� �
þmiLf

In the case of the composite film, the mass of each region, and specific heat of each
film must be defined. The above development implies that the temperature of the
composite film is the same. More accurately, we can find the total mass summed over
all regions

Ecrit ¼
X

mici
�crit
�

� �
þmiLf
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From the two forms of the critical energy

Icrit
2 ¼

P
i

mici
�crit
�

� �
þmiL f

1

2
�tR0 2þ �critð Þ

Expanding this expression to address the multiple films (e.g. aluminum, cladding and
insulator materials)

Icrit
2 ¼

mici þmjcj
� � �crit

�

� �
þmiLf þmkck

�crit
�

� �h i
1

2
�t �eff

L

A

� �
2þ �critð Þ

In this expression, the cross-sectional area of the interconnect can be brought into the
numerator in order to express the equation as a function of the linewidth and the
geometric variables associated with the films.

The physical volume of the Al region can be expressed as

VAl ¼ LWds@

and

@ ¼ 1� 2�

ds

� �

The cladding volume can be expressed as

VClad ¼ LWds � LWds@ ¼ LWds 1� @½ � ¼ LW 2�½ �

The fully passivated thermal sheath volume can be expressed as the volume of the
interconnect with the additional dimension associated with the thermal heat volume in
the insulator minus the interconnect

Vsheath ¼ Lþ 2doxf g W þ 2doxf g ds þ 2doxf g � LWds

This form assumes extension beyond the length of the interconnect. This is in the
form of

Vsheath ¼ 4 W þ ds þ L½ �dox2 þ 2 LW þ Lds þ 2Wds½ �dox

and the time-dependent oxide sheath thickness is a function of the pulse width, and the
heat diffusion coefficient in the oxide

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

With the assumption, that the highest level film is unpassivated, this can be expressed as

Vsheath ¼ Lþ 2doxf g W þ 2doxf g ds þ doxf g � LWds
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As an additional assumption, for long structures with passivation above and below
the interconnect, we can ignore the thermal component on the end of the wires and
simplify the analysis to the case of

Vsheath ¼ Lf g W þ 2doxf g ds þ 2doxf g � LWds

Let the region be such that the indices i,j,k be in the order of Al, cladding and the
insulator volume, respectively.

Expressing this term as a function of the volumes, heat capacity and density

Icrit
2 ¼

2Wds  iViCi þ  jVjCj

� � �crit
�

� �
þ  iViLf þ  kVkck

�crit
�

� �h i
�t �effLð Þ 2þ �critð Þ

ESD robustness of aluminum interconnects has been evaluated using HBM, MM
and TLP measurement as a function of design width. Figure 9.3 shows a plot of the
HBM results of aluminum interconnects as a function of design width. As the linewidth
increases, the ESD robustness also increases in a linear fashion.

Figure 9.4 shows the dynamic resistance change normalized to the initial resistance as
a function of the current density. The plot of DR/R0-J for a Ti/Al/Ti interconnect is a
function of pulse width.

Figure 9.5 is the permanent d.c. resistance shift observed in the interconnect post-
ESD stress.

From the experimental results on failure, the critical current density to failure can be
plotted as a function of the applied pulse width. Figure 9.6 shows the plot for M1 and
M3 interconnect wires. As the wire moves farther from the silicon surface, the thermal
resistance to the bulk increases, decreasing the ESD robustness of the interconnect.

Figure 9.7 is a cross-section drawing of an Ti/Al/Ti interconnect during ESD failure.
Typically, the aluminum melts from the self-heating. The center of the interconnect is

Figure 9.3 HBM ESD robustness of an aluminum interconnect as a function of wire width (M4)
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the location of peak temperature. As the heating occurs, the insulator cracks laterally,
leading to the liquid aluminum entering the insulator region. As the wire interconnect
continues to be pulsed, eventually the Ti cladding material begins to melt.

Figure 9.8 is an example of a contact failure in the area of a MOSFET structure.
From the Wrights’ etch pattern, it can be observed that the region of peak heating
follow the relationship of the square of the electric field pattern.

In Ti/Al/Ti interconnect systems, the vias are made of tungsten studs. Tungsten has a
high melting temperature, well above those of the other materials in semiconductor
devices. Figures 9.9 and 9.10 are the HBM and MM results of a tungsten stud via
structure as a function of the number of vias.

Figure 9.4 Dynamic DR/R0 as a function of J for a Ti/Al/Ti interconnect for different values of

pulse width

Figure 9.5 Normalized d.c. resistance DR/R0 as a function of J for a Ti/Al/Ti interconnect
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Figure 9.6 Critical current density to failure as a function of interconnect pulse width � (ns) for

M1 and M3 wires

TixSi1–x

AlCuSi

Insulator

Figure 9.7 Cross-section of an aluminum wire after ESD failure

Figure 9.8 ESD damage in contact area in a MOSFET structure

279ALUMINUM INTERCONNECTS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH009.3D – 280 – [271–310/40] 6.8.2004 10:21AM

9.2 COPPER INTERCONNECTS

In today’s advanced high-performance technologies, the need for reduced resistance and
capacitance interconnects has led to an evolution from Ti/Al/Ti or Al-based intercon-
nect systems to copper (Cu)-based interconnect systems. Copper interconnect systems
(Figure 9.11) are formed by providing troughs in the inter-level dielectric (ILD) films.
The dielectric is etched using reactive ion etch (RIE) processes, followed by cladding
material and Cu film deposition. The cladding, or liner material, is typically a refractory
metal film. The cladding serves as a diffusion barrier, and provides adhesion to the
insulator film. These materials can include TiN, WN, Ta, TaN, or TaSiN [22–27].

Figure 9.9 HBM ESD robustness of a tungsten via as a function of number of vias (e.g. in

parallel)

Figure 9.10 MM ESD robustness of a tungsten via as a function of number of vias (e.g. in

parallel)
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To quantify the ESD robustness of a copper interconnect, the material and geometry
is required. Copper interconnects in the damascene and dual-damascene provide both
different failure levels and mechanisms compared to an aluminum-based interconnect
system. Hence a model must be established to address both the thermal physics and
geometry.

As in the case of the aluminum interconnect, resistance is defined according to the
linear relationship

R Tð Þ ¼ R0 1þ �Tð Þ

where R(T) is the dynamic resistance at the temperature T, R0 is the initial resistance,
and � is the temperature coefficient of resistance (TCR). From this form, we can solve
for temperature in the interconnect, as

T ¼ R Tð Þ � R0

�R0
¼ 1

�

�R

R0

� �

To relate power and thermal impedance to the resistance, the differential resistance
dR(T) is expressed as

dR ¼ �R0dT

where we define temperature as the product of the heat flux and the thermal impedance

T ¼ q�TH

The total differential of temperature can be expressed as

dT ¼ q�TH þ �THdq

Figure 9.11 Cross-section of a Cu interconnect
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The heat flux is equal to the input power, from conservation of energy. Substituting
in terms of power for the heat flux, the total differential resistance can be expressed as

dR

R0
¼ � Pd�þ �dPð Þ

Since the impedance is constant, and integration of the expression from the initial to
final resistance

�R

R
¼ Rf � R0

R0
¼ ��THP

Hence, the normalized resistance change is proportional to the product of the
thermal impedance, power and temperature coefficient of resistance. Combining Joule
heating (P¼ I2R) and resistance (R¼ rL/A), and substituting in for the current density
J, then the expression of normalized differential resistance can be expressed as

�R

R
¼ ��THJ

2�LA

From the normalized differential resistance, we can solve for the thermal impedance as

�TH ¼ 1

J2

�R=Rb c
��LA

From this formulation, the thermal impedance can be extracted from the resistance
change and the current density.

Figure 8.3 shows the geometry of the damascene copper interconnect. In a damas-
cene copper interconnect, the interconnect cross-section is rectangular.

The liner film exists on three sidewalls, but not on the top region. Since the inter-
connect is a composite film, with the refractory metal being of high resistance, an
effective resistivity model can be used where we assume the effective resistivity is
[28–30].

�eff ¼
�Cu

1� 2�=xð Þ 1� 2�=yð Þ ¼
�Cu
@

where the geometric dimensions are the liner sidewall thickness D, liner bottom �,
linewidth x, and line height y.

Assuming a critical energy Ecrit, at which the interconnect failure occurs, this can be
related to the product of the average energy input during a pulse event. Assuming that
the current is constant during the pulse, time and current can be removed from the
average, where the average resistance is the the mean between the initial and final
resistance values.

Ecrit ¼
Z �t

0

P tð Þdt ¼ I2
Z �t

0

R tð Þdt ¼ 1

2
R0 þ Rf½ �I2�t
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We can define an expression which is the normalized change in resistance as

�crit ¼
Rf � R0ð Þ

R0

and express the critical energy according to the normalized change in resistance at
failure

Ecrit ¼
1

2
R0 2þ �critð Þ½ �I2�t

Energy can be related to the heat capacity and heat of fusion

E ¼ C�T þmiLf

Hence, when the temperature is the critical temperature of failure, then the energy
expression is the critical energy. From the resistance relationship to temperature, we can
substitute for the temperature change as a function of normalized resistance change,
and the temperature coefficient of resistance

Ecrit ¼ C
�crit
�

� �
þmiLf

In the case of the composite film, the mass of each region, and specific heat of each
film must be defined. In the above development, it implies that the temperature of the
composite film is the same. More accurately, we can find the total mass summed over all
regions

Ecrit ¼
X

mici
�crit
�

� �
þmiLf

From the two forms of the critical energy

Icrit
2 ¼

P
i

mici
�crit
�

� �
þmiLf

1

2
�tR0 2þ �critð Þ

Expanding this expression to address the multiple films (e.g. copper, cladding and
insulator materials)

Icrit
2 ¼

mici þmjcj
� � �crit

�

� �
þmiLf þmkck

�crit
�

� �h i
1

2
�t �eff

L

A

� �
2þ �critð Þ

In this expression, the cross-sectional area of the interconnect can be brought into the
numerator in order to express the equation as a function of the linewidth and the
geometric variables associated with the films.
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The physical volume of the Cu region can be expressed as [28,29]

VCu ¼ LWds@

and

@ ¼ 1� 2�

W

� �
1� 2�

ds

� �

The cladding volume can be expressed as

VClad ¼ L W 1� 2�

W

� �
� þ 2ds�

� 	

The fully passivated thermal sheath volume can be expressed as

Vsheath ¼ 4 W þ ds þ L½ �dox2 þ 2 LW þ Lds þ 2Wds½ �dox

and the time-dependent oxide sheath thickness is a function of the pulse width, and the
heat diffusion coefficient in the oxide

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

Let the region be such that the indices i, j, k be in the order of Cu, cladding and the
insulator volume, respectively.

Expressing this term as a function of the volumes, heat capacity and density

Icrit
2 ¼

2Wds  iViCi þ  jVjCj

� � �crit
�

� �
þ  iViLf þ  kVkck

�crit
�

� �h i
�t �effLð Þ 2þ �critð Þ

Figure 9.12 is a plot of the HBM ESD robustness of a Cu interconnect as a function
of the wire width. From the experimental results, the ESD robustness increases linearly
with the width of the wire interconnect.

From transmission line pulse testing, the resistance shift as a function of current
density can be plotted as a function of pulse width. Figures 9.13 and 9.14 show the
change in the wire resistance as a function of the current and the square of the current
density.

Figure 9.15 is the Wunsch–Bell plot of the critical current density to failure as a
function of pulse width for a Cu interconnect.

Figure 9.16 is the critical current density to failure comparison of copper and
aluminum interconnects. Because of the higher melting temperature, Cu interconnect
failure occurs at approximately double the Al interconnect failure level.

Evaluation of the Cu interconnect after ESD stress shows damage patterns forming
in the center of the linewidth. Figure 9.17 is an example of the Cu interconnect after
ESD stress.

In passivated interconnects, after the Cu interconnect melting, the insulator cracks
above the interconnect. The insulator crack propagates upward from the edges of the
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interconnect. Figure 9.18 is a representation of the cracking damage pattern of the Cu
interconnect.

9.2.1 Copper Vias

The ESD robustness of copper vias are of interest for the design of electrical inter-
connects to insure the interconnect integrity in the interconnect and insulator materials.

In a Cu-based interconnect system, the vias are formed as part of the same physical
film deposition. A first and second trough are formed using a first and second reactive
ion etch (RIE) process, followed by the liner deposition, and then the copper deposition.

Figure 9.12 HBM ESD robustness of a copper interconnect as a function of wire width (M3)

Figure 9.13 Dynamic DR/R0 as a function of J for a copper interconnect
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The Cu interconnect/via structure is completed by a chemical mechanical polishing to
planarize the structure.

In a dual-damascene process, the Cu via volume can be expressed as[29]

VCu ¼ ht2 1� 2�

t

� �2

1� �

h

� �

where the via height is h, the via edge is t, with a cladding bottom thickness �, and
sidewall film thickness D.

Figure 9.14 Dynamic DR/R0 as a function of J2 for a copper interconnect

Figure 9.15 Critical current density to failure as a function of pulse width for Cu interconnects
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The volume of the cladding material includes the bottom film, and the sidewalls are
the outer dimension of the structure without the Cu film inside.

VCu ¼ ht2 1� 1� 2�

t

� �2

1� �

h

� �" #

For ESD pulse events where the heat diffuses into the insulator, a thermal sheath is
formed around the interconnect. The thickness of this sheath can be referred to as dox.
Hence the volume in the insulator

Vsheath ¼ ht2 1þ 2dox

t

� �2

�1

" #

Figure 9.16 Critical current density to failure comparison of copper and aluminum interconnects

Figure 9.17 ESD failure of a copper interconnect
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and the time-dependent oxide sheath thickness is a function of the pulse width, and the
heat diffusion coefficient in the oxide

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

Solving for the critical current to failure of the via structure, the expression for the
critical current as a function of the multiple films (e.g. copper, cladding and insulator
materials) can be applied

Icrit
2 ¼

mici þmjcj
� � �crit

�

� �
þmiLf þmkck

�crit
�

� �h i
1

2
�t �eff

L

A

� �
2þ �critð Þ

Let the region be such that the indices i, j, k be in the order of Cu via, via cladding and
the insulator volume around the via structure, respectively.

Expressing this term as a function of the volumes, heat capacity and density

Icrit
2 ¼

2ht  iViCi þ  jVjCj

� � �crit
�

� �
þ  iViLf þ  kVkck

�crit
�

� �h i
�t �eff tð Þ 2þ �critð Þ

In this expression, the effective resistivity is associated with that of the via structure.
This is different compared to the formula used for the linewidth. In this case we can
express the effective resistivity as

�eff ¼
�Cu

1� 2�

t

� �2
¼ �Cu

@via

Figure 9.19 is a plot of the critical current to failure as a function of pulse width for a
Cu via. As the pulse width increases, the critical current to failure decreases.

In Figure 9.20, an ESD comparison of tungsten (W) stud and copper dual-damascene vias
is shown. From these results, the Cu damascene via is superior to theW stud via. Because of
the damascene single film nature, the metal line also participates in the self-heating.

Liner
Cu

Insulator

Insulator

Figure 9.18 Cu interconnect cross-section, highlighting the insulator cracking from thermal

stress post-ESD testing
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9.3 LOW-K MATERIALS AND INTERCONNECTS

With the demand for circuit density, wireability, array I/O architecture, and receiver
performance requirements, low-k dielectric as interlevel dielectric films have become
important in signal delay [31–37]. For example, the interconnect delay component of a
CMOS gate delay, excluding the intrinsic delay, can be expressed as

Tg

� �
extrinsic

¼ fgRdCwLw þ 0:4RwCwLw
2 þ 0:7RwCrLw

where the extrinsic gate delay are the interconnect-related delay terms, Rd and Cd are the
MOSFET output resistance and capacitance, respectively, Cr is the MOSFET receiver
switching capacitance, Rw, Cw, and Lw are the resistance, capacitance, and the line
length of the interconnect, and fg is the circuit fan-out. To reduce the interconnect delay

Figure 9.19 Copper via critical curent to failure as a function of pulse width

Figure 9.20 Comparison of tungsten and copper via
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time, lowering the capacitance of the interconnect plays a significant component. By
using copper interconnects, the resistance of the interconnect can be reduced, but the
low-k ILD film allows for reduction of the interconnect capacitance and the line-to-line
coupling. By using copper interconnects and low-k ILD films, the signal-delay char-
acteristics can be met to achieve continued performance with technology scaling.

The scaling of the dielectric permittivity with MOSFET scaling is achieved if scaling
follows

k0 ¼ k

�

where they are scaled according to the MOSFET constant electric field scaling para-
meter. Low-k interlevel dielectric films must also have low leakage, compatible thermal
coefficients of expansion, high breakdown voltage, low film stress, high cracking
tolerance, and compatibility with the interconnect systems (e.g. damascene Cu inter-
connects). Typical low-k materials include silicon oxyfluoride (FxSi)y, hydrogen silse-
quioxane (HSQ), organic polymers, such as poly(arelene) ethers, benzocyclobutene
(BCB), nanoporous silica and porous polymers.

Figure 9.21 shows the proposed technology roadmap for interconnects and low-k
material. This technology roadmap shows the scaling of the interconnect width, the
increasing number of I/O networks, and the scaling of the interconnect material.

ESD measurements on aluminum interconnects in a low-k gap fill material demon-
strated that the ESD robustness of an aluminum interconnect will decrease compared
with a silicon dioxide interlevel dielectric [38].

From an ESD perspective, the thermal characteristics of the low-k material will influence
the thermal diffusion time �D, the thermal diffusivity �>D, and the Fourier number

F0 ¼
K

�Cp

t

L2
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Figure 9.21 Low-k interlevel dielectric (ILD) electrical permittivity as a function of technology

generation and year (Source: SIA National Technology Roadmap for Semiconductors)
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where t and L are the characteristic time and length scale. For a damascene interconnect
in a low-k ILD maternal, the physical volume of the Cu region can be expressed as [39]

VCu ¼ LWds@

and

@ ¼ 1� 2�

W

� �
1� 2�

ds

� �

The cladding volume can be expressed as

VClad ¼ L W 1� 2�

W

� �
� þ 2ds�

� 	

The fully passivated thermal sheath volume can be expressed as

Vsheath ¼ 4 W þ ds þ L½ �dILD2 þ 2 LW þ Lds þ 2Wds½ �dILD

and the time-dependent low-k ILD sheath thickness is a function of the pulse width

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

Let the region be such that the indices i, j, k be in the order of Cu, cladding and the
low-k insulator volume, respectively.

Expressing this term as a function of the volumes, heat capacity and density

Icrit
2 ¼

2Wds  iViCi þ  jVjCj

� � �crit
�

� �
þ  iViLf þ  kVkck

�crit
�

� �h i
�t �effLð Þ 2þ �critð Þ

To simplify the analysis, we will assume the length of the interconnect is significantly
greater than the width, and the width is significantly greater than the cladding thickness.

VCu ¼ LWds@

VClad ffi LW�

Vsheath ffi 2WLdILD

and for an unpassivated film

Vsheath ffi WLdILD

From this formulation, the energy can be defined as

E ¼ C�T þmiLf
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or as a function of the physical volumes

E ¼ �CuVCuCCu þ �CladVCladCClad þ �ILDVILDCILD½ �C�T þmCuLf

Let us define an effective thickness teff

teff ¼ dS @ þ �CladCClad

�CuCCu

�

dS
þ �ILDCILD

�CuCCu

2dILD

dS

� 	

Assuming a critical energy Ecrit, at which the interconnect failure occurs, this can be
related to the product of the average energy input during a pulse event. Assuming that the
current is constant during the pulse, time, and the current can be removed from the
average, where the average resistance is the the mean between the initial and final
resistance value.

Ecrit ¼
Z �t

0

P tð Þdt ¼ I2
Z �t

0

R tð Þdt ¼ 1

2
R0 þ Rf½ �I2�t

Solving for the critical current

Icrit
2 ¼ W2 2LW �CuCCuteff�T þ �CudS@Lf½ �

R0 2þ�R

R0

� �
�

2
664

3
775

Substituting in the effective resistivity term, we can express the critical current with
the low-k dielectric as [39]

Icrit ¼ W
ffiffiffiffiffiffiffiffi
tteff

p 2 �CuCCu�T þ �Cu
t

teff

� �
@Lf

� 	

�eff 2þ�R

R0

� �
�

2
664

3
775
1=2

where t is the film thickness of the interconnect (t¼ dS). From this formulation, the
critical current is expressed as the arithmetic mean of the thickness of the interconnect
and the effective thickness of the interconnect.

Figures 9.22 and 9.23 are plots of the HBM and MM results comparing the Cu
interconnect in silicon dioxide and low-k ILD materials. HBM results show the Cu
interconnect in the low-k dielectric has a lower ESD robustness level compared with the
silicon dioxide ILD material.

From transmission line pulse testing, the change in the dynamic resistance can be
evaluated as a function of the current density. Figures 9.24 and 9.25 show DR/R0–J for
an M2 Cu/SiO2 ILD and low-k ILD interconnect system, respectively.

Figure 9.26 compares critical current to failure for the Cu interconnect in silicon
dioxide with the value for low-k ILD dielectrics.

Figure 9.27 shows a Wunsch–Bell Jcrit curve for an aluminum interconnect in silicon
dioxide, a damascene Cu interconnect in silicon dioxide, and a Cu interconnect in
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a low-k material. From the experimental results, the ESD degradation associated with
low-k material can be observed.

From these results, the degradation due to the low-k material can be recovered by using
a wider linewidth for interconnects. Figure 9.28 demonstrates design curves to define the
linewidth to achieve a given ESD level for different interconnect and ILD systems.

9.4 POLISHING STOPS AND INTERCONNECTS

For mechanical polishing to avoid dishing effects, insulators are placed in the electrical
interconnect after a given metal linewidth. In a typical metal line of width W, these
shapes are placed in the metal line.

The placement of insulators in a metal line is an issue for functionality and electro-
static discharge (ESD) robustness. Hence, the model for metal lines must address these
openings in the interconnect for wide interconnects.

Figure 9.22 HBM comparison of Cu interconnect in silicon dioxide and low-k ILD materials

Figure 9.23 MM Comparison of cu interconnect in silicon dioxide and low-k ILD materials
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Given an interconnect of initial resistance R0, widthW, and length L, film thickness t,
and resistivity r, we can define a hole in the interconnect of widthW 0 and length L0. The
resistance for a length L0 where there is one hole every distance L0 is

R0 ¼ �
L0 �W 0

Wt
þ �

W 0

W �W 0ð Þt ¼
�

t

L0 �W 0

W
þ W 0

W �W 0

� 	
¼ �

t

L0 �W 0ð Þ W �W 0ð Þ þW 0W

W W �W 0ð Þ

� 	

Assuming L¼ iL0, and normalizing to the original interconnect

R0

R0
¼

i �
t

L0�W 0ð Þ W�W 0ð ÞþW 0W
W W�W 0ð Þ

h i
�L
tW

Figure 9.24 DR/R0 as a function of J for an M2 Cu/SiO2 ILD interconnect system

Figure 9.25 DR/R0 as a function of J for a M2 Cu/Low-k ILD interconnect system
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This can be put in the form

R0

R0
¼ 1� i

W

L

W 02

WðW �W 0Þ

� 	� �

In this form, the resistance is a function of the number of holes placed in the
interconnect as a function of length where i is the parameter of the periodic frequency
in the line length for a given width. This model can be expanded to a plurality of shapes in
the metal line in the width direction. This can be achieved by modifying the expression,

Figure 9.26 Critical current density to failure for Cu interconnect in SiO2 and low-k ILD

Figure 9.27 Comparison of critical current density to failure of Al and Cu interconnects in SiO2

and low-k ILD
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letting the total W 0 be jW 0 where j is the parameter of the periodicity in the width
parameter. The new width is then easily integrated into the physical models as

R Tð Þ ¼ R0 1þ �Tð Þ

where R(T) is the dynamic resistance at the temperature T, R0 is the initial resistance
with the holes in the line, and � is the temperature coefficient of resistance (TCR). From
this form, we can solve for temperature in the interconnect, as

T ¼ R Tð Þ � R0

�R0 ¼ 1

�

�R

R0

� �

Since the impedance is constant, and integration of the expression from the initial to
final resistance

�R

R
¼ Rf � R0

R0 ¼ ��THP

Hence, the normalized resistance change is proportional to the product of the
thermal impedance, power and temperature coefficient of resistance. Combining Joule
heating (P¼ I2R) and resistance (R¼ rL/A), and substituting in for the current density
J, then the expression of normalized differential resistance can be expressed as

�R

R
¼ ��THJ

2�LA

From the normalized differential resistance, we can solve for the thermal impedance as,

�TH ¼ 1

J2

�R=R½ �
��LA

Figure 9.28 ESD linewidth design curves for Cu interconnects in SiO2 and low-k materials
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In a damascene copper interconnect, the interconnect cross-section is rectangular.
The liner film exists on three sidewalls, but on the top region. Since the interconnect is a
composite film, with the refractory metal being of a high resistance value, an effective
resistivity model can be used where we assume the effective resistivity is

�eff ¼
�Cu

1� 2�=xð Þ 1� 2�=yð Þ ¼
�Cu
@

where the geometrical dimensions are the liner sidewall thickness D, liner bottom, �, and
linewidth x, and line height y. We can define an expression which is the normalized
change in resistance as

�crit ¼
Rf � R0ð Þ

R0

and express the critical energy according to the normalized change in resistance at
failure,

Ecrit ¼
1

2
R0 2þ �critð Þ½ �I2�t

Energy can be related to the heat capacity and heat of fusion

E ¼ C�T þmiLf

Hence, when the temperature is the critical temperature of failure, then the energy
expression is the critical energy. From the resistance relationship on temperature, we
can substitute in for the temperature change as a function of normalized resistance
change, and the temperature coefficient of resistance

Ecrit ¼ C
�crit
�

� �
þmiLf

In the case of the composite film, the mass of each region, and specific heat of each
film must be defined. From the two forms of the critical energy

Icrit
2 ¼

P
i

mici
�crit
�

� �
þmiLf

1

2
�tR0 2þ �critð Þ

Expanding this expression to address the multiple films (e.g. copper, cladding and
insulator materials) and adding in the hole correction factor

Icrit
2 ¼

mici þmjcj
� � �crit

�

� �
þmiLf þmkck

�crit
�

� �h i
1

2
�t �eff

L

A
1� i

W

L

W 02

W W �W 0ð Þ


 �� 	� �
2þ �critð Þ

In this expression, the cross-sectional area of the interconnect can be brought into the
numerator in order to express the equation as a function of the linewidth and the
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geometric variables associated with the films. The physical volume of the Cu region can
be expressed as

VCu ¼ LWds@

and

@ ¼ 1� 2�

W

� �
1� 2�

ds

� �

for no hole in the interconnect. In the case of the hole in the interconnect, the copper
volume is reduced by the volume of the hole as welll as a correction for the liner on the
edge of the hole region.

The cladding volume can be expressed as

VClad ¼ L W 1� 2�

W

� �
� þ 2ds�

� 	

With the presence of the hole in the interconnect, the cladding volume must be
adjusted for the hole.

The fully passivated thermal sheath volume can be expressed as

Vsheath ¼ 4 W þ ds þ L½ �dox2 þ 2 LW þ Lds þ 2Wds½ �dox

and the time-dependent oxide sheath thickness is a function of the pulse width, and the
heat diffusion coefficient in the oxide

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

In this formulation, the sheath volume must include the number of holes, and the
volume of the holes. Unlike the volume surrounding the interconnect, the heat is
diffusing into the volume from the four sidewalls, significantly reducing the volume
absorbing the heat capacity. This volume will not increase with the thermal sheath
volume when the sheath extends greater thanW 0/2 (e.g. it is a constant when dox>W 0/2).

9.5 FILL SHAPES AND INTERCONNECTS

Planarization of insulator and conductive films is important in environments with
multiple metallization levels. Planarity is achieved using chemical mechanical polishing.
To provide good planarity, metal shapes are placed in wide areas. These ‘fill shapes’ are
metal conductors using the metallization level materials. These fill shapes can influence
the ESD robustness of interconnects for high-density interconnects and for long-time-
constant pulses. The fill shapes can be addressed in the interconnect models by inclusion
in the thermal sheath model used for evaluation of copper interconnects. The fill shapes
also influence the thermal impedance relative to the bulk substrate. From the development
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on Cu interconnects in the case of the composite film, the mass of each region, and
specific heat of each film must be defined over all regions, the critical energy to failure is

Ecrit ¼
X

mici
�crit
�

� �
þmiLf

From the two forms of the critical energy

Icrit
2 ¼

P
i

mici
�crit
�

� �
þmiLf

1

2
�tRo 2þ �critð Þ

Expanding this expression to address the multiple films (e.g. copper, cladding and
insulator materials)

Icrit
2 ¼

mici þmjcj
� � �crit

�

� �
þmiLf þmkck

�crit
�

� �h i
1

2
�t �eff

L

A

� �
2þ �critð Þ

In this expression, the cross-sectional area of the interconnect can be brought into the
numerator in order to express the equation as a function of the linewidth and the
geometric variables associated with the films.

The physical volume of the Cu region where conduction is taking place can be
expressed as

VCu ¼ LWds@

and

@ ¼ 1� 2�

W

� �
1� 2�

ds

� �

The cladding volume can be expressed as

VClad ¼ L W 1� 2�

W

� �
� þ 2ds�

� 	

As the thermal sheath expands, the fill shapes must be included in the thermal stored
energy. Each of these fill shapes is of the same physical height, but will have different
length and width parameters. The volume of copper is the length of the conducting wire,
and the number of copper fill shapes at different levels in the thermal sheath. For the
same metal level, the thickness is identical where the number of shapes included in the
thermal sheath. This is calculated based on the spacing of the shapes (e.g. the line and
space dependence). As the thermal sheath progresses through the insulator volume, the
number of adjacent fill shapes are to be included in the width. In the vertical direction,
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the number of shapes included is dependent on the thermal sheath and the vertical
spacing between successive films and the height of the film.

VCu ¼ LWds@ þ Pm4dox=Pm;m�1

m¼1

dsm@m

Pn4dox=Pn

n¼1

LmnWmn

where the summation variable ‘m’ and ‘n’ are associated with the interconnect levels,
and ‘P’ is the pitch between successive levels and lateral pitch between the fill shapes
contained in the sheath.

The cladding can also be expressed similarly, including is the cladding of the current-
carrying interconnect and that of the number of fill shapes within the thermal sheath.

The fully passivated thermal sheath volume can be expressed as

Vsheath ¼ 4 W þ ds þ L½ �dox2 þ 2 LW þ Lds þ 2Wds½ �dox

without the fill shapes included. Including the fill shapes the number of fill shapes can be
extracted from the volume of the physical sheath

Vsheath ¼ Lþ 2doxð Þ W þ 2doxð Þ ds þ 2doxð Þ � LWds@� Pm4dox=Pm;m�1

m¼1

dsm
Pn4dox=Pn

n¼1

LmnWmn

and the time-dependent oxide sheath thickness is a function of the pulse width, and the
heat diffusion coefficient in the oxide

dox tð Þ ¼ ad
ffiffiffiffiffiffi
�t

p

Let the region be such that the indices i, j, k be in the order of Cu, cladding and the
insulator volume, respectively.

Expressing this term as a function of the above volumes, heat capacity and density

Icrit
2 ¼

2Wds  iViCi þ  jVjCj

� � �crit
�

� �
þ  iViLf þ  kVkck

�crit
�

� �h i
�t �effLð Þ 2þ �critð Þ

The above model addresses the change in the thermal heat capacity of the insulator
sheath, but does not address the correction to the time response of the media with the
presence of the fill shapes.

9.6 COPPER FILM STRESS AND ELECTROMIGRATION

ESD stressing of interconnects can lead to material changes and stress in the copper
interconnects. Electrostatic discharge events can degrade the electromigration (EM)
reliability of interconnect systems as was observed in aluminum interconnects [40]. In
Cu interconnects, the EM lifetime has a different character compared with Al-based
interconnects [41]. In Cu interconnects, Khoo et al. [42] demonstrated the change in the
EM lifetime as well as noted the change in the microstructure as a result of TLP testing.
They showed that the material property of the Cu film changed after TLP stressing.
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From the TEM imaging of stressed and unstressed Cu lines, the stressed Cu stripe shows
reduction in the average Cu grain size compared with the unstressed Cu stripe.

With the Cu grain size expected to be less than 0.2 mm, typical ‘bamboo’ structure is
observed in the unstressed line; this shows a marked difference from the numerous small
grains observed in the stressed line. When the Cu interconnect is subjected to a high-
current pulse, heating occurs that increases the effective volume of the Cu film. How-
ever, no significant resistance shift is observed before and after TLP stress. A short pulse
duration may not allow for any possibility of void formation to reach a size which could
be detrimental to the initial resistance. It is also possible that a reduced average grain
size of the Cu grains due to the high-current stress has resulted in early EM failures as
a function of the TLP current pulse. This is further confirmed with the diffraction
patterns obtained when comparing both a stressed and unstressed interconnect
(Figure 9.29). As the Cu grains become smaller due to the heating and subsequent
recrystallization, any diffraction rings in the TEM analysis are expected to show more
diffusion with increasing levels of applied ESD stress. Figure 9.29 shows the diffraction
pattern of an unstressed Cu stripe [43].

For fine-grained polycrystalline structures, diffraction patterns obtained from TEM
will appear as a series of concentric rings. As each crystal produces a few diffracted
beams, the coexistence of many crystals will generate continuous lines. When grain
structures get larger, they exhibit spot patterns. The spots correspond to magnified
images of planar sections through the reciprocal lattice, taken normal to the incident
beam direction. Any illuminated area shows a single crystal with diffraction spots for
several well-defined low-index beam directions. The spot pattern obtained in Figure 9.30
is evidence that larger Cu grains exist in an unstressed interconnect. Figure 9.30 is the
diffraction pattern of a TLP-stressed Cu stripe. Comparatively, the ring patterns in the
stressed interconnect reflect the presence of smaller-grain polycrystalline material.

Figure 9.29 Diffraction pattern of an unstressed Cu stripe
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In accordance with Bragg’s law

� ¼ 2 dhkl sinð�BÞ

Since � is very small and for a TEM, � is constant, it is possible to determine dhkl by
measuring �B’s (the Bragg angle).

Black’s model for EM lifetime prediction is stated as

T50 ¼ AJ�n exp
Ea

kT


 �

where J is the current density, Ea is the activation energy, and kT is the product of the
Boltzmann constant and temperature inKelvin. Khoo et al. [43] showed that, as the prestress
TLP current increased, the T50 EM lifetime decreased after electromigration stress [43].

During ESD stressing of the Cu interconnect, it was shown that resistance shifts can
occur in the Cu film. From the work of Voldman, material changes were also observed
[28–30]. From the results of Khoo et al., the stress of interconnects from ESD events
have been shown to lead to a latency effect which may manifest itself as EM failures.

A reciprocal relationship between dhkl and �B is obtained. The element Cu is a known
face-centered cubic (FCC) material, it was thus possible to index the diffraction patterns
obtained by calibrating it to a Si <110> pattern. In this case, the spots and rings could
be indexed, but no obvious new phases could be identified.

The results are similar to previously published TEM microanalysis by Banerjee of
TLP-stressed aluminum stripe films [39]. As in the prior work, a smaller grain size is
evident in the TLP-stressed Cu interconnect line. Hence, it is concluded that the TLP-
stress-induced smaller grain size accounts for the lower EM lifetime.

Figure 9.30 Diffraction pattern of TLP-stressed Cu stripe
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However, in our experimental results, it is shown that the Cu line EM lifetime
degradation of the worst case (F8) is only about 1.4 times that of the unstressed device
(F0). Thus EM lifetime of Cu metal is better as compared with Al metal reported in
previous work [2] with AlCu EM lifetime being reduced by a factor of 4. In the
previously published work of Voldman, it is shown that the Cu line/SiO2 ILD system
is more resilient to ESD stress from human body model (HBM), machine model (MM)
and TLP stress compared with the Al line/SiO2 ILD system. Additionally, Voldman
showed that the Cu interconnects/low-k ILD film system has a lower ESD robustness
compared with the Cu line/SiO2 ILD system, but superior to a to the Al line/SiO2 ILD
system. The results are consistent with the previously published work of Voldman in
that they show that Cu interconnects/FSG ILD systems are more resilient to ESD
compared with Al interconnects/SiO2 ILD systems.

9.7 INTERCONNECT FAILURE AND VOIDING

During electrical pulsing of interconnects, the thermal melting of the interconnect
can lead to material voiding and change of the material structure. In the region of
the void, the material is altered, leading to resistance shifts. From the pulsing of
copper interconnects, the onset of voiding and material change occurs in a periodic
fashion.

Given an interconnect of initial resistance R0, widthW, length L, film thickness t, and
resistivity r, we can define a void is initiated in the interconnect of width W 0 and length
L0. The size of the void is narrower than the width of the interconnect. Hence, we can
assume thatW>W 0. Let us assume that the region of the interconnect failure is a region
of a damaged resistivity [44].

Assuming a periodicity of voids k, we can express the damaged line as

R0 ¼ k
�d

t

W

W �W 0

� 	
þ k

�u
t

L0 �W

W

� 	

where the first term is the number of damaged regions of lengthW, the effective width is
W 0�W 0, film thickness t, and the damaged sheet resistivity is rd.

The second term is the length of the regions of the undamaged sections. Normalizing
this expression to the undamaged wire of length L

R0

R
¼

k
�d
t

W

W �W 0

� 	
þ k

�u
t

L0 �W

W

� 	

�u
L

tW

Hence

R0

R
¼ k

W

L

�d
�u

� �
W

W �W 0

� �
þ k

W

L

L0

W

� �
� k

W

L
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and substituting L0 ¼L/k, we obtain the form

R0

R
¼ k

W

L

�d
�u

� �
W

W �W 0

� �
� 1

� 	
þ 1

In the preceeding sections, the change in resistance was during the pulse event,
whereas this expression is associated with a permanent change in the resistance after
the pulsing. Note that the dynamic resistance (where R0 is the d.c. initial resistance) can
be evaluated as

T ¼ R Tð Þ � R0

�R0 ¼ 1

�

�R

R0

� �

Since the impedance is constant, by integration of the expression from the initial to
final resistance

�R

R
¼ Rf � R0

R0 ¼ ��TH
P

In a damaged line, a latent mechanism of concern is the resistance-noise power
spectrum. The 1/f noise in a metal line is found from Hooge’s law [44], which can be
expressed as

SR ¼ 1

I4f

Z
Cus�

2J4
� 


dV

where SR is the resistance-noise power spectrum, I is the current, f is the frequency and
Cus is the characteristic noise per unit volume. In the ESD damaged interconnect, this
can be expressed

SR0

SR
¼ 1þ k

W

L

�d
�u

� �2
W

W �W 0

� �3

�1

" #

9.8 INSULATOR MECHANICAL STRESS

In ESD events, dielectrics and metal films can undergo mechanical failure due to the
thermal stresses induced by strong thermal gradients. Compressive, tensile and shear
stresses can lead to mechanical failure in the dielectrics, metal stripes, and via structures.

In the elastic regime, stress � is proportional to strain ", where the proportionality
constant is Young’s modulus, E.

� ¼ E"

The point at which this relationship is no longer valid is termed the ultimate stress.
During ESD events, Joule self-heating occurs in conductors, and semiconductors as
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a result of the resistance in the structures. The Joule heating that occurs in the con-
ductors, and semiconductors leads to thermal strain,

" ¼ ��T

The stress induced by self-heating in the elastic regime is

� ¼ E��T

From thermal physics, the change in temperature due to self-heating can be expressed
as the product of the thermal impedance, and the input power in the structure

�T ¼ �THP

Then, simplistically, the self-heating induced thermal stress can be expressed as

� ¼ E��THP

Mechanical failure of interconnect structures occurs at the ultimate yield conditions.
In materials, the yield condition at a point is independent of hydrostatic stress at that
point. Hydrostatic mechanical stress does not involve shear stress. Materials that are
Hookean in nature do not exhibit shear strain.

The Tresca criterion for the onset of mechanical yielding occurs at a stress condition
whose magnitude exceeds one half of the difference between the maximum and mini-
mum principal stress

�Tresca ¼
1

2
�max � �minð Þ

The Mises–Hencky criterion defines a shear stress known as the octahedral shear stress
where the octahedral shear stress is expressed as a function of the principal stresses [45]

�OCT ¼ 1

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1 � �2ð Þ2þ �1 � �3ð Þ2þ �2 � �3ð Þ2

q

When the stress in a material at a point exceeds the octahedral shear stress, material
yielding can occur. The Mises–Hencky criterion has been shown to be valid for ductile
materials such as copper and aluminum while the Tresca criterion is more appropriate
to brittle materials. In semiconductor components, to address the yielding, the prestress
in the films must be considered with the additional thermal stress to assess the mechan-
ical yielding during an ESD event.

During ESD events, mechanical stress occurs in the interconnect dielectric films due
to the high thermal stresses induced by the ESD pulse. The evolution of the failure
mechanism of the interconnect–dielectric system is related to the dielectric material, the
interconnect cladding material and location, and the interconnect film material. The
location of the cladding material is important in the evolution of the interconnect–
dielectric system. For example in aluminum interconnects, the titanium cladding is

305INSULATOR MECHANICAL STRESS



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH009.3D – 306 – [271–310/40] 6.8.2004 10:21AM

placed on top and bottom of the aluminum film. In the evaluation of the interconnect
failures, a first observation is the cracking of the insulator on the edges of the intercon-
nect. After interconnect cracking, the aluminum flows into the laterally cracked areas.
From a top observation, the original cladding material will remain intact due to the
higher melting temperature. Cladding failure is typically observed after the observation of
the aluminum film in the dielectric area. After successive ESD pulses, if electrical con-
nectivity is maintained, the current will flow through the cladding material, leading to
elephantine patterns formed in the cladding film, followed by a separation of the electrical
continuity and failure of the cladding material. In a copper damascene process, the
cladding is placed on the three edges of the trough region. In this case, the first observa-
tion is the change in the microstructure of the Cu film. After the continued ESD stressing,
the Cu film melting and insulator cracking is observed. The cracking of the insulator is an
upward cracking; the cracking appears to occur at the Cu–cladding interface triple-point,
and progresses upward. The insulator interface where the cracking is the surface where no
tantulum (Ta) cladding is present. Continued stressing of the interconnect leads to Cu and
Ta cladding failure and penetration into the insulator volume.

In Chapter 10, we discuss silicon-on-insulator (SOI) technology and ESD. With the
transition to SOI technology, there is some synergy of the role of the interconnects in the
heat dissipation. Hence the issues addressed in this chapter, are relevant to bulk or SOI
technology. In fact, there are some new interesting issues on the role of the interconnect
in this environment.

PROBLEMS

9.1. Derive the ratio of the critical current of an aluminum interconnect to the critical
current of a copper interconnect.

9.2. From the above relationship, assume the Cu interconnect is scaled by the
MOSFET constant electric field scaling parameter in the film thickness only.
Derive the relationship where the Cu interconnect is also scaled in the metal
width. Assume the cladding thickness does not scale.

9.3. Derive the ratio of the critical current to failure of a Cu interconnect in SiO2

compared with a Cu interconnect in a low-k material.
9.4. Assume for a fixed interconnect that the low-k material thermal conductivity is

reduced according to the MOSFET constant electric field scaling parameter for
each technology generation, derive a relationship showing the critical current to
failure assuming a fixed line thickness and width. Derive a relationship where the
film thickness and the width of the metal is scaled with the low-k material.

9.5. Assuming ‘constant ESD scaling theory’ where the ESD robustness of the inter-
connect system is a constant with technology scaling, derive the metal width
relationship of each metal level assuming the metal film thickness is scaled as
the MOSFET constant electric field scaling parameter �, where each metal level is
thicker by the scaling parameter from the device surface to the last level metal (e.g.
the wire interconnects get thicker by � according to the wiring hierarchy concept).

9.6. Derive a relationship for the density of fill shapes which are necessary to compensate
the thermal conductivity of the low-kmaterial assuming the fill shapes are Cumaterial
so that the ESD robustness does not decrease with each technology generation.
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10 Silicon On Insulator (SOI)
and ESD

This chapter addresses silicon-on-insulator (SOI) technology and ESD. We discuss
lateral polysilicon gated diode structures in SOI. SOI diode models, and thermal models
are introduced. From the generalist approach, SOI modeling is a natural for Green’s
function thermal models, since the geometries and the substrate can be treated as a
stratified medium problem. The dynamic threshold SOI devices is also introduced to
show new opportunities in SOI environments.

Silicon-on-insulator (SOI) was viewed as the natural extension of CMOS technology
in order to maintain the performance objectives set up by Moore’s law [1]. In the early
1990s, there was a greater interest in SOI as a natural extension of bulk CMOS
technology in order to maintain Moore’s scaling law. This stemmed from the fact that
SOI reduces junction capacitance which lowers the performance objectives. The CMOS
gate delay, excluding the intrinsic delay, can be expressed as

ðTgÞextrinsic ¼ fgRdCwLw þ 0:4RwCwL
2
w þ 0:7RwCrLw

where the extrinsic gate delay are the interconnect related delay terms Rd and Cd are the
MOSFET output resistance and capacitance, respectively, Cr is the MOSFET receiver
switching capacitance, Rw, Cw, and Lw are the resistance, capacitance, and the line
length of the interconnect, and fg is the circuit fan-out. As the technology is scaled, the
interconnect delays will be reduced by transition to Cu interconnects, and low-k
materials. This leaves the fundamental speed of the transistor, associated with the
diffusion capacitance and resistance loading effects.

The migration from bulk CMOS to SOI technology was driven by the desire
for increased MOSFET performance in advanced microprocessors as MOSFET
transistors scaled to channel length dimensions below 0.1 mm. SOI has emerged as a
mainstream commercially viable technology for CMOS-based advanced microproces-
sors [2–7]. For many years, SOI technology was used in applications that needed high
immunity to single-event upsets (SEU) for space applications. In space applications,
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bulk CMOS technology was vulnerable to charge generation from heavy ions, protons,
neutrons and other particles. The heavy ions and charged particles produced charge
generation tracks as they traversed the silicon lattice. Additionally, charge generation
was generated from interaction of the particle and the silicon lattice nucleus. The charge
generation led to soft error events in memory cells, logic disturbs in logic circuits and
single-event induced latchup events. Bulk CMOS technology was sensitive to both
single-event upsets, and latchup in space applications. As a result, SOI remained as a
niche market for space and military applications. In recent times, SOI was of interest in
radio frequency communications applications. SOI applications provide good noise
isolation and low capacitance.

A key concern was whether electrostatic discharge protection would be an impedi-
ment to the introduction of SOI as a mainstream technology that would follow standard
bulk CMOS technology. Hence, the success of achieving electrostatic discharge protec-
tion in SOI technologies was important in the acceptance of SOI as a mainstream
technology for commercial semiconductor chips. It was commonly believed that providing
ESD protection in SOI technology was a substantial barrier or challenge to overcome in
the early 1990s [8–10].

MOSFET scaling of bulk CMOS technology continues to be the trend for high-
density high-performance advanced microprocessors. As technologies scale below
0.15 mm technology generation, MOSFET issues, such as short channel effects
(SCE) control, gate resistance, channel profiling, and hot electrons, continue to
challenge device engineers designing in bulk CMOS technology. Power consumption
is a function of the capacitance, power-supply voltage and transition frequency. To
reduce power consumption, microprocessor chip power can be lowered by decreasing
the power-supply voltage [1]. At lower power-supply voltages, the junction capacitance
severely impacts the performance of bulk CMOS devices. Using SOI technology,
many MOSFET device concerns and obstacles of bulk CMOS can be eliminated.
CMOS-on-SOI has significant advantages over bulk CMOS technology, and will
achieve the scaling objectives for high-performance advanced microprocessors.
CMOS-on-SOI technology provides low leakage current, low capacitance MOSFETs
and resistor elements, and good subthreshold I–V characteristics [2]. But, for SOI to
become a manufacturable mainstream technology, the floating body effects and ESD
protection must be addressed. Floating body effects are observable from the kink
effect, subthreshold currents and MOSFET threshold voltage variations. These
effects are solvable by body contacts, ultra-thin SOI and fully depleted MOSFETs.
In fully depleted (FD) SOI, the floating body effects are sensitive to SOI film
thickness and the depletion region must always be greater than the silicon film
thickness. Fully depleted SOI devices do not allow for lateral bipolar conduction,
which would be advantageous for ESD protection networks. With partially depleted
(PD) SOI technology with body contacts, floating body effects and ESD concerns
have been addressed. Using PD-SOI technology, the bipolar current gain is reduced
by using silicon films that are not too thick. As the silicon film thickness decreases,
the emitter and collector areas are reduced, lowering the bipolar current gain.

In SOI development, new ESD structures are needed to provide ESD protection.
Figure 10.1 is an example of a SOI ESD network that will be discussed. In the following
sections, SOI models, devices and experimental results will be shown.
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10.1 SOI ELECTROTHERMAL MODELS

Electrothermal models for SOI can utilize Green’s function techniques because of the
geometrical simplicity of SOI structures. In an SOI device, whether a SOI diode, SOI
resistor element, or SOI MOSFETs, the physical volume of the conducting region is a
parallelepiped with a rectangular geometrical boundaries. The upper surface is an
insulator from the dielectric films, the lower surface boundary is the buried oxide
(BOX) region, and the edges are typically shallow trench isolation (STI) regions. The
solution of the parallelepiped is appropriate for the case of the semi-infinite region, can be
modified and the method of images can be applied. The solution due to Joy and Schlig can
be utilized [11]. In the simplest solution, we can assume the thermal region is contained
within an infinite space of insulators. For short time scales, this is a valid assumption.

A solution where the physical volume V of silicon is rectangular, where the dimen-
sions are length L, widthW, and heightH, V¼LWH, and we can define a heat capacity
associated with the volume of the parallelpiped, the specific heat of silicon and mass
density, where

C ¼ c�V

In the general case, this parallelepiped can be displaced from the surface. We can
show the solution using a SOI parallelepiped of identical dimensions displaced a
distance D above the z¼ 0 plane, a plane of symmetry is established that has a solution
where all points along the plane z¼ 0 have the heat flux at the surface equal to zero. To
solve the problem of the semi-infinite domain, we can utilize the method of images by
modification of the Green’s function in the infinite domain so that it applies to the semi-
infinite domain. From the time-dependent heat equation, with a constant thermal
conductivity and constant specific heat–mass density product, the Laplacian of tem-
perature is proportional to the partial derivative of temperature as a function of time.
As in the problem of an infinite domain, we have

Tðx; x0; y; y0; z; z0; tÞ ¼
Z t0¼t

t0¼0

dt0
Qðt0Þ

8½��ðt� t0Þ�3=2
exp � r2

4�ðt� t0Þ

� �

Figure 10.1 Cross-section of an SOI ESD network
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Expressing this as a function of power dissipated in an infinitesimal volume formed
between x0 and x0 þ dx0, y0 and yþ dy0, and z0 and zþ dz0, and defining the power
dissipated as normalized to the volume V

Tðx; x0; y; y0; z; z0; tÞ ¼ 1

8�cVð��Þ3=2
Z t0¼t

t0¼0

dt0
fPðt0Þdx0dy0dz0g

½ðt� t0Þ�3=2
exp � r2

4�ðt� t0Þ

� �

To evaluate the temperature over all space from all infinitesimal volumes, the
expression can be integrated over the infinite volume �. In the expression, the spatially
independent terms can be removed from the integration over space, and the temperature
can be expressed as

Tðx; y; z; tÞ ¼ 1

8�cVð��Þ3=2
Z t0¼t

t0¼0

dt0
Pðt0Þ

½ðt� t0Þ�3=2
Z
�

exp � r2

4�ðt� t0Þ

� �
dx0dy0dz0

For evaluation of a parallelepiped in an infinite medium let us assume a source has
the dimension W in the x-direction, L in the y-direction, and H in the z-direction, but
applying a parallelepiped displaced distance D below the boundary condition z¼ 0 and
a image source of equal and opposite strength above the z¼ 0 plane at z¼D

Tðx; y; z; tÞ ¼ 1

8�cVð�Þ3=2
Zt0¼t

t0¼0

0 Pðt0Þdt0

½ðt� t0Þ�3=2
Fðx� x0; y� y0; z� z0; t� t0Þ

with

Fðx� x0; y� y0; z� z0; t� t0Þ ¼ Fxðx� x0 : t� t0ÞFyðy� y0; t� t0ÞFzðz� z0; t� t0Þ

where

Fxðx� x0; t� t0Þ ¼
Z W=2

�W=2

exp � ðx� x0Þ2

4�ðt� t0Þ

( )
dx0ffiffiffi
�

p

Fyðy� y0; t� t0Þ ¼
Z L=2

�L=2

exp � ðy� y0Þ2

4�ðt� t0Þ

( )
dy0ffiffiffi
�

p

Fzðz� z0; t� t0Þ ¼
Z �D

�ðDþHÞ
exp � ðz� z0Þ2

4�ðt� t0Þ

( )
dz0ffiffiffi
�

p þ
Z DþH

D

exp � ðz� z0Þ2

4�ðt� t0Þ

( )
dz0ffiffiffi
�

p

The integral can be expressed as error functions using a transformation of variables.
The expression for temperature in an infinite medium can be put in the form

Tðx; y; z; tÞ ¼ 1

8C

Z t0¼t

t0¼0

Pðt0ÞHðx; y; z; t� t0Þdt0

where the volume V¼LWH, and letting C¼ crV
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we can write the function containing the spatial dependence as the product of the error
functions

Hðx; y; z; t� t0Þ ¼ Hðz; t� t0Þ
Y
i¼x;y

erf
ðLxi=2Þ þ xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4�ðt� t0Þ
p

 !
þ erf

ðLxi=2Þ � xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !" #

and

Hðz; t� t0Þ ¼ erf
zþDþHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !

þ erf
�D� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !

þ erf
z�Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !"

þ erf
DþH � zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !#

For ESD events, the region of power generation is contained within the physical
volume of the device. Power is associated with the dissipated power by the SOI
semiconductor component. The power as a function of time is associated with the
power dissipated in the device structure, which can be calculated from the actual current
and voltage as a function of time through the device structure. The power through the
device can be obtained from the transmission line pulse I–V characteristics. In transmis-
sion line pulse testing, the input pulse is a rectangular pulse of a given current level. The
input pulse can be represented as a rectangular power pulse of a given pulse length. The
input pulse can be represented mathematically as a constant absorbed power term times
a Heaviside step function associated with a pulse of length �P. The absorbed power can
be evaluated based on the transmission and reflection coefficients of the TLP system.

To evaluate the peak temperature, a constant power magnitude associated with
the Wunsch–Bell power to failure for a given pulse width, P(�p) can be used. This
avoids the integration and the thermal response in the medium and temperature rise can
be simplistically evaluated.

In all ESD modeling there is judgement of the physical volume to include in the
thermal analysis. In the simple case where we assume the volume of interest is not
displaced from the surface, D¼ 0. In all the structures of interest, the physical volume
can be represented by the complete area contained within the isolation regions. For the
case of the SOI resistor element, the volume V would be represented as the dimensions
of the complete resistor element. In the case of an SOI diode element, the volume could
be represented as the metallurgical junction region, and can include the low-doped
regions of the structure (e.g. n� region of the lateral gated SOI pþ/n�/nþ diode). In an
SOI MOSFET, the volumetric region can be modeled as the region of the channel
region where the peak heating is undergone. In bulk CMOS, because of the undefined
boundary surfaces, typically a parallelepiped is formed near the drain region associated
with the MOSFET width, junction depth, and the depletion width at the drain structure.
In the SOI implementation, the insulation boundaries are clearly defined, allowing for
better judgement of the boundary conditions used for SOI modeling.

In the analysis, we also assume ideal boundary conditions of insulators. Heat diffu-
sion into the insulator volume can be addressed by using mixed boundary conditions at
the silicon–silicon oxide interfaces. A simpler method is to assume a time-dependent
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thermal sheath volume of insulator around the silicon region, as was utilized in the
interconnect model developments in the Chapter 9.

10.1.1 SOI Electrothermal Transmission Line Models

Electrothermal models for SOI under ESD conditions are highly dependent on the
evaluation of the physical volume where the self-heating in the SOI device is occurring,
as well as the thermal boundary conditions. Wherein bulk CMOS, lossy transmission
line models were proposed to model the substrate region, in SOI technology, the role of
the thermal boundary conditions from the vertical stratified medium and the thermal
contact boundary conditions will have a strong influence on the prediction of the power
to failure of the SOI structure from the ESD event.

From the general form of an electrical lossy transmission line model, we can express
the temperature and thermal flux relationship as conditions as

TðyÞ ¼ T1 exp � y

�

� �
þ T2 exp �L� y

�

� �

Assuming a transmission line with a termination thermal resistance R1 at terminal 1
and a termination thermal resistance R2 at terminal 2, we can express the transmission
line system in the form of a matrix analogous to the electrical model proposed by
Troutman for the bulk substrate (see Chapter 4, Section 4.5, on lossy transmission
lines). From the Troutman formulation, the lossy transmission time model can be
applied to the ESD event using thermal terminations instead of the electrical analog.
In this form, the temperature can be related to the thermal impedance in a two-port
matrix formulation.

Raha, Ramaswamy and Rosenbaum [12] proposed the use of a thermal RC network
as a thermal transmission line model for simulation of ESD events in SOI devices. From
the parallelepiped SOI model, the thermal generation can serve as a time-dependent
power generation source term. In the model, the transmission line equation can be
represented as a thermal analog

@2Tðx; tÞ
@x2

� RYðtÞTðx; tÞ ¼ RgðtÞ

The transmission line equation is second order in space with a time-dependent
variable coefficient, and a generation drive term associated with the ESD pulse. The
admittance Y(t) is associated with the thermal network consisting of the vertical
stratified medium.

YðtÞ ¼
X
i

YðtÞ

In this form, the thermal model addresses the relationship of the power and the
temperature. The node of interest is the temperature in the semiconductor device. The
regions outside of the device regions can serve as thermal resistance and thermal
capacitance terminations of the thermal transmission line.
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Treating the ESD events as step impulse of thermal power generation at time t¼ 0,
the analysis can be evaluated in the frequency domain. This can be transformed into the
Laplacian domain where for a step function in the thermal power generation we can
express the equation as

@2Tðx; sÞ
@x2

� RYðsÞTðx; sÞ ¼ R
g0

s

The thermal power generation can be related to the power generated inside the
semiconductor structure divided by the volumetric region of the semiconductor element.
Raha et al. chose the power density as

g0 ¼
Power to failure

V
¼ Vt2It2

WLxd

where the power density is the power to failure over the volume of the power generation.
In a MOSFET structure, the peak power to failure is the product of the MOSFET
second breakdown current and MOSFET second breakdown voltage divided by the
MOSFET depletion region.

To evaluate the solution of the thermal transmission line model, the boundary
conditions at the ends of the thermal transmission line must be evaluated. The thermal
termination terms of the transmission line are the metal interconnects and inter-level
dielectric films, and the substrate region. These terminations influence the thermal
response and peak temperature from the generation term. The doping concentration
will influence the thermal admittance of the substrate region and the contacts to the
substrate. For the other termination, the salicide, the contact resistance, interconnects
and the thermal conductivity of the interlevel dielectric will influence the magnitude of
the thermal dissipation.

Raha et al., in application to a SOI MOSFET structure used the thermal admittance
term as the series of the thermal resistance–thermal capacitance RC networks of the
depletion region, the neutral region of the thin silicon region, the buried oxide and the
silicon substrate when applied to a partially depleted MOSFET structure [12]. The
assumption in the analysis is the substrate temperature does not vary below the buried
oxide film for short time scales, and the thermal admittance of the metallization and
interlevel dielectrics are negligible.

10.1.2 SOI Electrothermal Transmission Line Model Series
Solution

From the SOI electrothermal transmission line model, the thermal generation can serve
as a time-dependent power generation source term. In the model, the transmission line
equation can be represented as a thermal analog [12]

@2Tðx; tÞ
@x2

� RYðtÞTðx; tÞ ¼ RgðtÞ
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where admittance Y(t) is associated with the thermal network consisting of the vertical
stratified medium.

YðtÞ ¼
X
i

YðtÞ

Treating the ESD events as step impulse of thermal power generation at time t¼ 0, the
analysis can be evaluated in the frequency domain. This can be transformed into the
Laplacian domain where for a step function in the thermal power generation we can
express the equation as the following,

@2Tðx; sÞ
@x2

� RYðsÞTðx; sÞ ¼ R
g0

s

Assuming that the generation term is in the spatial region between x1 and x2, we can
provide a series solution. The thermal power generation can be related to the power
generated inside the semiconductor structure divided by the volumetric region of the
semiconductor element. Raha et al. chose the power density as

g0 ¼
power to failure

V
¼ Vt2It2

WLxd

where the power density is the power to failure over the volume of the power generation.
In a MOSFET structure, the peak power to failure is the product of the MOSFET
second breakdown current and MOSFET second breakdown voltage divided by the
MOSFET depletion region.

From Wang, Juliano and Rosenbaum [13], the series solution can be represented as

Tðx; tÞ ¼
X1

n¼1;3;5

sin
n�x

A

� �
�nðtÞ þ

X1
n¼0;2;4

cos
n�x

A

� �
�nðtÞ

where

�nðsÞ ¼
RDn

s½�2n þ RYðsÞ�

for all integers n¼ 0, 1, 2, 3. . .
and

�n ¼
n�

A

and

D0 ¼
q0ðx2 � x1Þ

A
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and

Dn ¼
2q0

n�
cos

n�x2
A

� �
� cos

n�x1
A

� �h i

for odd values of n

Dn ¼
2q0

n�
sin

n�x1
A

� �
� sin

n�x2
A

� �h i

for even values of n, and the source generation term.
where

q0 ¼
Q

WCðx2 � x1Þ
C2

C1 þ C2

� �

whereQ is the total heat, divided by the volume of heating (W is the width, x2� x1 is the
region of heat generation, c is depth of the region of heating within the silicon film), and
the two series thermal capacitance terms associated with the silicon film outside the
depth c, and the buried oxide thermal capacitance.

10.2 SOI ESD DIODES AND DEVICES

10.2.1 Abrupt Junction Technology

The first introduction of mainstream CMOS technology was abrupt junction CMOS
technology. SOI ESD protection networks were first constructed in a 2.5V CMOS logic
technology with a 0.25 mm effective channel length Leff technology [14–20]. Source/drain
features were defined using shallow trench isolation (STI), which abuts the silicon
dioxide (SiO2) buried oxide film. Device channel lengths were obtained using a 0.5
numerical aperture (NA) tool and negative-tone resist system. Dual work function
silicided polysilicon gate electrodes were used for the MOSFET gate conductors.
p-Channel transistors use abrupt boron junctions; n-channel devices have abrupt
non-LDD arsenic junctions. MOSFET source/drain junction depths for both the
n-channel and p-channel MOSFETs are 0.18 mm. A single-species boron pþ implant
process of 40 keV energy, 5� 1014/cm2 dose of Ge preamorphization and a 7 keV
4� 1015/cm2 dose of 11B source/drain implant is used to form the pþ diode. A TiSi2
salicide film is formed on the source/drain junctions, as discussed in Chapter 7. The
salicided polysilicon gate structure is placed on a 7.7 nm SiO2 gate dielectric.

In the bulk implementation, diodes were formed using a 0.55 mm shallow trench
isolation and a 1.2 mm pþ to nþ spacing. These structures were modified to form
polysilicon-defined diode ESD devices [21]. The progression from the polysilicon-
defined diodes in bulk CMOS allowed easy migration to SOI technology. For the
SOI technology, a lateral pþ/n�/nþ gated diode structure was introduced with no
additional masking steps. In this implementation, the pþ junction is an abrupt junction
and the nþ/n� transition also uses an abrupt junction (Figure 10.2).
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The mask to define the pþ and nþ implants must be placed over the polysilicon gate
structure. In this fashion, the polysilicon-bound diode structure has a polysilicon
film with two different dopant types and work functions along the device channel length
[14–20]. Placement of this structure on a buried oxide, the trench isolation abuts the
buried oxide film, isolating the polysilicon diode structure from adjacent structures. In
the 0.25 mm technology, the lateral polysilicon diode structure was studied as a function
of the SOI diode perimeter and the polysilicon channel length.

In this case, the ESD structure consists of a pþ diode junction in series with the n�/nþ
cathode region. The gate electrode is not activated or used to modulate the current but
serves as a ‘mask’ to allow shorting of the anode and cathode region with salicide. This
structure can be constructed as a pþ/p�/nþ SOI diode structure using the p-well implant
instead of the n-well implant. On the SOI diode anode in an SOI pþ/n�/nþ diode, the
resistance can be expressed as

Ranode ¼ RM þ RC þ ðRSalÞeff þ ðRpþÞeff

where the anode resistance is the resistance of the interconnect, the contact, the salicide
film, and the anode implant. For the silicide film, the material, area coverage and design
of the silicide formed on the junction can alter the effectiveness of the silicide as well as
the diffusion area on the ESD protection. For SOI structures, because of the presence of
the buried oxide film, the role of the metal, contacts and salicide as a source for thermal
dissipation is more critical.

Equivalently, for the cathode, the cathode resistance is the sum of the resistances in
series as well as the n-body resistance. For the cathode, typically the n-body resistance is
the largest component of resistance which influences the ESD results.

Rcathode ¼ RM þ RC þ ðRSalÞeff þ ðRnþÞeff þ Rbody

From the diode equation, we can express the voltage across the diode as the sum of
the voltage drops across the series resistance and the voltage drop across the metallurgical
junction [13]

ID ¼ Is exp
qVD �

P
IDRi

kT

� 	
� 1

� �

Figure 10.2 Cross-section of an SOI polysilicon gated p–n diode (lubistor) ESD structure with

abrupt junctions
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where the summation is of the voltage drops across the series resistances. The resistance
can also be obtained from the derivative of the voltage with respect to current.

dVD

dID
¼ dðVJ þ VRÞ

dID
¼ dVJ

dID
þ Rd

Solving for the resistance

Rd ¼
dVD

dID
� dVJ

dID

From the high-level injection relationship

ID ¼ Is exp
qVj

2kT

� 	

and

dVJ

dID
¼ 2kT

q

1

ID

Substituting these expressions, we can solve for the diode series resistance term as

Rd ¼
dVD

dID
� 2kT

q

1

ID

Because of the self-heating, the resistance is a strong function of the temperature as
the device is heated.

Figure 10.3 shows the ESD robustness of a SOI gated diode structure as a function of
polysilicon perimeter. HBM results shows that the ESD results improve linearly with
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Figure 10.3 SOI polysilicon gated p–n diode (lubistor) HBM ESD results as a function of diode

perimeter (Lpoly¼ 1.2 mm)
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increasing diode perimeter with a design Lpoly of 1.2 mm. Figure 10.4 shows the HBM
ESD results as a function of polysilicon length for an 800 mm perimeter diode structure.
In this 0.25 mm technology, the ESD robustness of the diode structure is approximately
5V/um (HBM) in prototype structures.

As the diode structure perimeter increases, the ESD robustness is well behaved. The
linearity of the SOI diode structure indicates a lack of current constriction in a forward-
bias mode of operation at high currents. The operation of the structure was not a strong
function of the length of the center region over a wide range of operation. As the
structure was reduced in length, the heavily doped pþ implant and the nþ implant
spacing was reduced, leading to ESD failure. A flat zone where the ESD robustness
was not a strong function of the length was then observed. As the length of the structure
was increased, the ESD results began to decrease. This may be anticipated by the larger
voltage drop across the anode – cathode region and failure due to increased Joule heating.

10.2.2 Extension Implant Technology

For SOI technologies based on a CMOS technology that uses extension implants,
extension implants become part of the SOI ESD structure. In SOI technology, extension
implants reduce the emitter and collector area for the lateral bipolar device; this reduces
the bipolar current gain and improves short-channel effects. The source/drain junctions
use a TiSi2 salicide film to reduce the diffusion sheet resistance.

For an SOI lateral ESD diode element, the use of the extension implant provides a pþ

implant that extends under the gate region which is heavily doped. The pþ emitter region
in the extension implant extends into the cathode region beyond the pþ source/drain
implant, forming a nonuniform emitter profile. The cathode region also extends the
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Figure 10.4 SOI polysilicon gated p–n diode (lubistor) HBM ESD results as a function of
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nþ region into the n� region, providing a nonuniform nþ/n� profile. In this SOI diode
structure, the extension implants lower the anode resistance (pþ extension) and the
cathode resistance (nþ extension) providing a lower total diode series resistance. As a
result, the SOI ESD model can be constructed as two parallel conductance terms that
are summed to evaluate the total diode series resistance. The first conductance term
represents the conductance near the gate interface, and the lower conductance addresses
the lower implant regions.

Ranode ¼ RM þ RC þ ðRSalÞeff þ ðRpþÞeff

Rcathode ¼ RM þ RC þ ðRSalÞeff þ ðRnþ þ Rn�Þeff

In order to address the resistances, the parallel conductances along the surface and
the lower region are integrated and must be considered.

In the experimental work performed in this technology generation, the technology
supports a 5.0 nm oxide thickness. Figure 10.5 shows the SOI lateral gated diode with
abrupt and extension implant drain structures. In this 0.20 mm technology, lateral
polysilicon gated SOI diodes demonstrated an ESD (HBM) robustness level of 8.0V/mm,
which was superior to the ESD robustness of the equivalent structure in the 0.25 mm
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Figure 10.5 SOI lubistor with abrupt and extension implant source/drain structures
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Leff technology that used abrupt junctions. The extension implant dose was significantly
higher than that used in the abrupt 0.25 mm Leff technology [15–20].

As an example of its implementation, this ESD element was mapped into a bulk
CMOS technology using STI isolation between the anode and cathode, and remapped
into SOI using the SOI lateral gated diode ESD element [22]. The mixed-voltage
application required 3.3V tolerant I/O networks with a 2.5V core voltage. In this
design, the off-chip driver (OCD) networks were placed inside the center of the micro-
processor chip, limiting the area allowed for the I/O network and ESD device. The C4
solder balls were connected to the receiver and OCD banks via aluminum interconnects.
In the bulk implementation, the off-chip driver circuitry ESD results were limited by the
aluminum interconnects. For the receiver networks, the ESD robustness of the receivers
were limited by failure of the n-channel pass transistor and clamp networks. ESD results
in the receiver networks were 4.3 kV (HBM) (Figure 10.6). This RISC-based micro-
processor was mapped with no internal design changes. The ESD STI-bound diode
networks were modified to polysilicon gated SOI lateral diode structures with identical
area for the bulk and SOI ESD areas. The SOI ESD design area was divided so that the
diode perimeter for the SOI diode to VDD was the same as the one to the VSS power rail.
No additional area or masks were utilized for ESD protection. The off-chip driver
circuit consisted of a self-biased well p-channel pull-up network and a cascoded series
n-channel pull-down network. Resistor ballasting was employed in series with the
n-channel pull-down network, using four 40� buried resistor (BR) elements. BR
elements consist of a MOSFET gate structure, an nþ source/drain implant for end
contacts and an nþ implant placed under the gate structure. The receiver networks
comprised of an n-channel pass transistor, an n-channel grounded gate, n-channel clamp
device and a p-channel MOSFET keeper element.

Experimental results of the bulk and SOI implementations are shown in Figure 10.7.
No ESD failures were evident below 6.5 kV (HBM), whereas the bulk CMOS receiver
failures occurred at 4.3 kV. From this first SOI implementation, it was clear that
industry-acceptable ESD results were achievable in an advanced CMOS microprocessor
without using additional design area, masks or implants.

10.2.3 Halo Implant Technology

For an SOI lateral ESD diode element, the element requires both usage of the pþ

MOFSET drain structure and the nþ MOSFET drain structure where it is placed in

3.3V
2.5V

VSSVSS

VSS

VDD

VDD

VDD
VDD

Figure 10.6 Circuit schematic of SOI ESD implementation
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either a p-type or n-type body. To prevent MOSFET punch-through, halo implants are
used near the MOSFET junction regions to avoid extension of the depletion region and
avoidance of MOSFET punch-through. For an n-channel MOSFET in a p-type well, a
pþ halo implant is used. For a p-channel MOSFET, a nþ halo implant is used. When the
SOI lateral gated diode element is formed a nþ halo implant is placed in the body near
the pþ anode metallurgical junction, and a pþ halo implant is placed near the nþ heavily
doped region in the body. In an implementation of this structure, since only one body is
formed, one of the halos is of the opposite doping concentration to that of the SOI ESD
diode body region. As a result, the ‘bad halo’ introduces undesired diode series resist-
ance. To provide a good ESD SOI diode, this halo implant should be eliminated for
good ESD diode operation.

10.3 SOI WITH INTERCONNECTS

10.3.1 Aluminum Interconnects

Interconnects and salicides can have a substantial influence on the ESD robustness in
SOI technology as a result of the thermal dissipation through the contact metallurgy
[15–20]. In an SOI chip implementation, alternative current paths are required which are
available in the bulk implementation, but not the SOI designs. With the buried oxide
film, the thermal dissipation through the contacts and the interconnects will play a
larger role in the peak temperatures observed in the lateral SOI diode structures. In our
structures, the physical length of the diode region is approximately the minimum
channel length of the technology. With these relatively short diode resistor regions,
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Figure 10.7 ESD HBM results of a 250MHz RISC-based microprocessor in bulk CMOS and

SOI technology using bulk pþ/n-well diodes and lateral SOI pþ/n�/nþ diodes, respectively.
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the anode and cathode resistances can be significantly reduced. As a result, intercon-
nects and the salicide films will play a role in the dissipation of heat in the low-doped
region of the SOI diode structure under the gate region. Additionally, ESD implemen-
tations in SOI technology can lead to alternative current paths which do not exist in an
ESD implementation, but are evident in the bulk implemention.

As an example, a 330MHz 1.8V RISC-based microprocessor was mapped from bulk
CMOS to SOI technology (Figure 10.8). The technology supported a 0.15 mm Leff

n-channel MOSFET and a 0.17 mm Leff p-channel MOSFET device. The MOSFET
drain used extension implants, halos and cobalt salicide (CoSi2) junctions. The source/
drain extensions provided good VT rolloff characteristics and the CoSi2 allowed the
ability to maintain low-salicided polysilicon gate structure sheet resistance.

The semiconductor chip, in the bulk CMOS implementation, did not have ESD
protection limited by the interconnect failure. In the bulk implementation, the ESD
network comprised a single diode STI-bound pþ/n-well diode to VDD and a single
n-well-to-substrate diode element to VSS. ESD results in bulk CMOS chip showed no fails
below 10 kV HBM levels. In the SOI implementation, a 700 mm perimeter SOI pþ/n�/nþ

polysilicon gated diode ESD network was connected to VDD and to VSS. The ESD area
was allocated equally for the ESD diode to VDD and VSS. Worst-case ESD failures first
occurred at 9.4 kV relative to the VSS power rail for positive polarity. HBM testing
relative to the VDD power rail showed no failures below 10 kV HBM levels for the
positive polarity. For negative pulse testing, no ESD failures occurred below �10 kV
relative to the VSS ground rail. Worst-case negative pulse failures occurred at �7.0 kV
relative to VDD power rail and �7.2 kV relative to VDD.

Failure analysis was completed on the worst-case failure mechanisms. Failure
analysis results show that the aluminum interconnects in the power bussing was the
ESD-limiting failure mechanism in this design.
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Figure 10.8 ESD HBM results of a 330MHz 1.8V SOI microprocessor in a 0.15 mm Leff

technology
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10.3.2 SOI and Copper Interconnects

With the introduction of copper interconnects into SOI technology, the ability to lower
the thermal resistance of the SOI diode structure can be further improved. In the
0.12 mm Leff technology generation, Cu interconnects with SiO2 interlevel dielectrics
are introduced to provide reduced interconnect RC delay. As discussed in Chapter 9, the
ESD robustness of the Cu interconnects are superior to the Al interconnects. It has been
shown that Cu interconnects achieve a two-fold improvement in the critical current
density to failure Jcrit. In this technology, there are six levels of Cu interconnects, a
0.12 mm Leff n-channel MOSFET, and a 0.15 mm Leff p-channel MOSFET (where both
transistors have extension implants, CoSi2, and a 3.5 nm dielectric thickness).

Additionally, from the thermal transmission line model, the transmission line
equation can be represented as a thermal analog

@2Tðx; tÞ
@x2

� RYðtÞTðx; tÞ ¼ RgðtÞ

The admittance Y(t) is associated with the thermal network consisting of the vertical
stratified medium which is in parallel to the interconnects and the interlevel dielectric films.

YðtÞ ¼
X
i

YðtÞ

With the introduction of MO wiring and copper interconnects, the thermal admittance
within the ESD elements can be further reduced. Using wide Cu plates, the thermal
admittance can be lowered reducing the peak temperature in the ESD diode structures.

A multi-finger lateral SOI pþ/n�/nþ diode structure consisting of a two-finger, four-
finger and seven-finger diode structure where each finger has a perimeter of 68 mm, was
constructed. The SOI ESD network has local W ‘M0’ bar interconnects placed along the
complete length of the pþ and nþ contact regions. This provides low electrical and
thermal resistance on the diffusion areas. The local M0 W interconnect is contacted
with W contacts and connected to the first-level M1 Ti/Al/Ti metallurgy. The M1
interconnects are then connected to the M2 copper interconnects. Figure 10.9 shows

Figure 10.9 Cross-section of an SOI ESD structure
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an enlargement of the SOI ESD structure. The polysilicon ring forms the gate structure
with the gate contact landing over the STI isolation, as can be seen in Figure 10.10.

Figure 10.11 shows the ESD results as a function of ESD perimeter. HBM ESD
results of 4 kV are achieved with the 169 mm two-finger diode structure. ESD results
increased with increasing pþ anode perimeter for both the 338 and 591 mm structures.

Figure 10.10 SOI ESD lubistor double-diode implementation

Figure 10.11 HBM ESD results of SOI receiver and driver circuits as a function of SOI ESD

lubistor perimeter

328 SILICON ON INSULATOR (SOI) AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH010.3D – 329 – [311–338/28] 6.8.2004 10:22AM

ESD results higher than 8 kV were achieved using the 591 mm diode structure. Failure
analysis demonstrated in all three ESD cases that the ESD failure mechanism occurred
in the ESD network between the pþ anode and nþ cathode. From this work, an
equivalency of 23.8V/mm diode is achieved with the smallest two-finger ESD design,
and the seven-finger structure shows an equivalency of 14.2V/mm (the actual scaling
slope shows 11V/mm scaling) [18–20].

Figure 10.12 shows the ESD distribution for the three different sized ESD designs.
The I/O design was optimized to trade off ESD robustness against the capacitive
loading effect of the ESD network, where it was decided to use the four-finger SOI
structure, which provided minimal capacitance loading effects yet maintained ESD
robustness well over 4 kV.

A key observation from this experimental work can be understood. Since SOI
technology has no substrate connected to the various fingers of the SOI ESD structure,
the scaling of the ESD level increases linearly with the number of fingers and the design
perimeter. This indicates also that there is little evidence of nonuniform current flow in
the SOI diode structure. What is evident is the failure mechanism occurs between the
minimum distance between an anode contact and a cathode contact. Hence, many of the
concerns that exist in bulk CMOS because of nonuniform current distribution in wells
and substrates do not appear to be significant. The elimination of the substrate and well
regions leads to a decoupling of the devices improving current uniformity.

10.3.3 Scaling

From the ESD testing of the SOI polysilicon gated diodes in successive technology
generations, it is clear that the technology migration choices and scaling of the technology
have led to improved ESD robustness in the SOI lateral gated pþ/n�/nþ diode structure
[15–20]. These include the transition from TiSi2 to CoSi2, Al to Cu interconnects and
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dimensional scaling. Figure 10.13 shows the ESD robustness of the SOI diode network
as the structure migrated from the 0.25 to the 0.12 mm technology generation [16–20]. In
the 0.25 mm technology generation, ESD robustness of 5V/mm was demonstrated. ESD
results of 4 kV was achieved in the test site structure with 800 mm ESD structures. As the
designs were migrated to 0.12 mm Leff SOI technology, ESD results continue to show an
improvement. In the 0.12 mm Leff SOI technology, ESD results over 8 kV are demon-
strated in high-pin-count microprocessor chips with structures smaller in design peri-
meter and in physical area. At this point, our data provides evidence of improvement in
the ESD robustness of the ESD network with technology migration and scaling of the
base CMOS technology from the 0.25 to the 0.12 mm technology generation.

As SOI technology is scaled, additional structural scaling will be addressed. As the
technology is scaled, the buried oxide (BOX) region will also be scaled. The scaling of
the BOX region will reduce the thermal resistance to the substrate. As the BOX
thickness is scaled, the thermal resistance to the MOSFET channel region and the
ESD structures will be reduced. Additionally, as the technology is scaled the silicon
film will also be scaled. Today, in ultra-thin SOI (UTSOI), ESD protection is being
practiced using SOI lateral pþ/n�/nþ diode structures. As the silicon film is scaled the
ESD protection will become more difficult.

10.4 ALTERNATIVE DEVICES

10.4.1 SOI Diodes with Both Body Dopant Types

For an SOI lateral ESD diode element, the element requires use of both the pþ

MOSFET drain structure and the nþ MOSFET drain structure where it is placed in
either a p-type or n-type body. An alternative implementation can be used where both
dopant types exist in the body region. In this case a pþ/p�/n�/nþ SOI lateral diode
ESD structure is formed. In the prior structure, the metallurgical junction at the pþ/n�
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interface is a one-sided metallurgical junction since the pþ region is heavily doped. In the
pþ/p�/n�/nþ SOI ESD element, the metallurgical junction is a two-sided junction,
allowing the depletion region to extend into both the anode and the cathode regions.
Experimental results by Ker et al. demonstrated improved results compared with the
three-region pþ/n�/nþ SOI lateral gated diode 2 [23].

10.4.2 Ungated SOI Diode Structure

For an SOI lateral ESD diode element, the ESD element has a MOSFET gate structure
used as a masking structure for drain implant formation and as a means of separating
the anode and cathode salicide film region (e.g. to prevent shorting). An advantage of
ungated ESD elements is dielectric overstress. In these structures, the SOI ESDMOSFET
gate structure can lead to HBM or CDM failures, depending on where the gate structure
is connected. There are two solutions to electrical overstress of the gate structure. To
improve ESD robustness of the SOI ESD element, Ker et al. physically removed the
MOSFET gate structure, using an etch process to form an ungated SOI ESD diode
element [23]. SOI pþ/p�/n�/nþ lateral ESD elements were constructed without the gate
structure, achieving improved ESD results. Alternative approaches, such as circuit
solutions, can also be utilized.

10.5 SOI DYNAMIC THRESHOLD MOSFET AND ESD

SOI has a unique advantage over single- and double-well CMOS technology because of
its ability to separate the channel region from the substrate region. This allows the
ability to bias the channel region of both the p- and n-channel transistors independently
from the substrate or well regions. In this section, we will introduce the idea of dynamic
threshold MOSFETs (DTMOS) and apply the concepts for ESD protection elements
[22,24–26].

SOI MOSFETs, in functional and ESD applications, are significantly different from
standard bulk MOSFET structures. SOI transistor operation is dependent on the state
of the SOI MOSFET ‘body’ region. The SOI MOSFET body potential is dependent on
the capacitive coupling to the SOI MOSFET drain, source, gate, and substrate regions.
When voltages are applied to the gate region, competition between the capacitance
elements will determine the eventual potential of the body region. The potential of the
body modulates the MOSFET threshold voltage needed on the MOSFET gate to invert
the surface and turn on the MOSFET device. In a bulk CMOS device, the MOSFET
body effect is a function of the well or substrate bias. These can not be independently
biased as they are coupled to other circuit elements. The MOSFET threshold voltage is
the sum of the interface potential jump �MS, the Fermi potential �F, and the voltage
drop across the oxide and silicon [24,25].

VT ¼ �MS þ �F �Qox

Cox
þ Qb

Cox

331SOI DYNAMIC THRESHOLD MOSFET AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH010.3D – 332 – [311–338/28] 6.8.2004 10:22AM

where

Qb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"SiqNAð2�F � VBÞ

p
where VB is the body voltage. The threshold voltage can be rewritten as

VTðVBÞ ¼ VTO þ �ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�F � VB

p
�

ffiffiffiffiffiffiffiffiffi
2�F

p
Þ

where

VTO ¼ �MS þ �F �Qox

Cox
þ �

ffiffiffiffiffiffiffiffiffi
2�F

p

and

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"SiqNA

p

Cox

SOI technology has an advantage over twin-well bulk CMOS in that the n-channel
MOSFET substrate is not bound to the substrate potential. SOI technology has the
advantage of allowing the n-channel and p-channel MOSFET body to float, allowing
the body to couple to the drain node, and be electrically disconnected from the VSS and
VDD power rails. This can be advantageous for ESD protection networks. Partially
depleted (PD) SOI technology, with body contacts, allows for ESD circuits which can
use complementary methods for the n-channel and p-channel transistor to address
positive and negative ESD pulse events.

A first advantage of the DTMOS device for ESD protection is the use of the body
potential to provide a low trigger ESD device. When the body voltage VB is increased,
the SOI DTMOS threshold decreases. When the DTMOS device is used as a trigger
element, as the body voltage increases, the trigger voltage decreases.

A second advantage of DTMOS devices is that the SOI MOSFET current drive is
higher when the gate is activated. As the MOSFET body voltage increases, the DTMOS
current drive increases. From the current equation of the MOSFET devices[24,25].

Idsat ¼ �Cox
W

L
½Vg � VTðVBÞ � Vdsat�

where

Vdsat ¼
EsatL½Vg � VTðVBÞ�

EsatLþ ½Vg � VTðVBÞ�

The saturated transconductance gmsat is the derivative of the drain saturation current
with respect to the gate voltage. From the above relationships, as the body voltage
increases, the SOI DTMOS threshold voltage decreases, leading to a higher drain
saturation current. As a result, the saturated transconductance of a DTMOS device
increases above the standard SOI MOSFET transistor.
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10.5.1 SOI Dynamic Threshold ESD Structures

For integration of the dynamic threshold concepts into an ESD element, two classes of
ESD network can be constructed. The DTMOS device can be used in both a transistor
or diode mode of operation. To use the SOI DTMOS device as a transistor, the source
and drain electrodes are separated, whereas the body and gate are coupled together to
provide the DTMOS effect as the gate voltage is biased.

In a second mode of operation, the DTMOS device can be used in a diodic mode of
operation. In this case, the body, drain and gate are connected to one electrode and the
source to a second electrode. In this fashion, body-coupling, and gate-coupling are
integrated with the drain to provide a body-, gate- and drain-coupled ESD network,
which we will refer to as a body/gate-coupled DTMOS SOI diode element. In this
fashion, the element has two parallel operations within the structure. The device acts as
a SOI lateral gated diode element (e.g. pþ/p�/nþ) where the pþ is the SOI MOSFET
body contact, the p� region is the channel or body region of the SOI transistor, and the
nþ region is the source of the SOI transistor. This is in parallel to the SOI DTMOS
element. As a result the structure has both a diodic and transistor mode of operation
where conduction occurs in the MOSFET body region in the SOI lateral pþ/p�/nþ

region of the structure, and surface conduction in the MOSFET region of the body. By
evaluation of the current drive of the element, it can be shown that the current drive
increases as a result of the bipolar conduction and the MOSFET surface conduction.

Figure 10.15 shows an example of implementation of a body/gate-coupled DTMOS
SOI diode structure. Three different structures can be constructed where in all cases a
polysilicon ring is formed about the nþ drain, and the polysilicon gate structure encloses
the body contact and the nþ drain (Figure 10.14).

The nþ MOSFET source encloses the polysilicon ring gate structure. In all these
structures, the pþ body contact (at the drain side) abuts the polysilicon ring serves as a
body contact for the MOSFET and forms a lateral SOI gated p–n diode structure (SOI
lubistor) adjacent to the MOSFET structure. In the first design, the pþ body contact
abuts the nþ drain. In this implementation, it was believed that the butted structure
would provide the lowest dynamic resistance, and the most space efficient. The butted

Figure 10.14 Layout of dynamic threshold body/gate-coupled SOI diode structure
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structure is also bridged by cobalt salicide. In the second design of the DTMOS device,
the pþ body contact is separated from the nþ drain region. This design will avoid any
technology-related concerns of butted structures and allows for shallow trench isolation
(STI) of the body-contacted region from the MOSFET drain region. In the third
structure, the pþ body contact is separated by a polysilicon gate structure from the
nþ drain. The third implementation provides polysilicon isolation of the body and the
MOSFET drain region, avoiding any STI pull-down mechanisms, independent of
biasing capability and introducing an additional lateral diode between the body and
the source.

Figure 10.15 shows TLP results of an SOI off-chip driver (OCD) network and the
three different large dynamic threshold body/gate-coupled ESD diode networks. A total
of 24 different 10-finger DTMOS ESD networks were tested to evaluate the ability to
protect an SOI driver circuit.

In the measurements, the body/gate-coupled DTMOS ESD device is configured with
the drain, gate and body connected to the input node and the source connected to VDD

power supply. The results show that the SOI body/gate-coupled DTMOS ESD network
with STI between the pþ and nþ region provides a higher RON relative to the other two
designs (e.g. RON ’ 4�). This can be understood in that the trench isolation does not
provide any means of conduction and causes more current crowding and resistance. In
the second implementation, where the polysilicon gate region is used between the body
and the drain, the addition of the extra diode region provides a lower lateral body
resistance and a lower RON in the ESD network (RON ’ 2:8�). In the third implemen-
tation, where the pþ body and nþ drain are abutted, RON ’ 1:2.

To better understand the operation of these structures, it is important to evaluate a
matrix where the ratio of the MOSFET drain width and the body width are varied while
the total length of the structure remains fixed. In our experimental matrix, as the body

Figure 10.15 TLP measurements of DTMOS body/gate-coupled SOI diode structure for three

different implementations
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width was increased, the MOSFET width was decreased so that the total perimeter of
the source is the same width. Figure 10.16 shows an example of the body/gate-coupled
DTMOS ESD network, where the ratio of the body and drain width are varied.
Defining the body contact width WBC and the drain width WN we can form a ratio,
or percentage body contact

� ¼ WBC

WBC þWN

where the total body contact width is

ðWBÞT ¼ �W

and the total DTMOS transistor width is

ðWDTMOSÞT ¼ ð1��ÞW

where W is the total width of the ESD structure. From this structure, the total current
can be predicted from the diode equation, and the DTMOS drain-to-source saturation
current

ID ¼Is�W exp
qVd �

P
IDRi

kT

� 	
� 1

� �

Idsat ¼�Cox
W

L
ð1��Þ½Vg � VTðVB ¼ VdÞ � Vdsat�

Figure 10.16 TLP measurements of DTMOS body/gate-coupled SOI diode with different body

contact-to-MOSFET ratio
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In the first equation for the diode, the saturation current is normalized per unit width
of the device region, and the voltage on the diode is the drain voltage. In the DTMOS
device, the body and gate voltage are equal to the drain voltage. These equations will be
valid until the device undergoes MOSFET snapback, where the avalanche physics terms
must be added to the device equations.

In Figure 10.16, TLP I–V measurements are taken for devices as a function of the
percentage of body contact (e.g. for the cases of 13%, 27%, 40% and 53% body
contact). Observation of the 13% body contact, the first TLP I–V characteristic shows
that it follows a monotonically increasing current from 0 to 4V, and this is followed by
snapback of the DTMOS device. As the body voltage rises, the diode formed between the
body contact and the MOSFET source first turns on, and at the same time, the MOSFET
threshold voltage decreases. As the gate voltage exceeds the threshold voltage, the
dynamic threshold MOSFET device also turns on, with a high Idsat. When the voltage
across the structure approaches the snapback voltage, this structure undergoes a snap-
back state. As the percentage body contact ratio increases, the dynamic on-resistance
increases. With lower on-resistance, the discharge current capability improves.

10.6 SOI AND ESD IN THE FUTURE

As SOI is scaled to ultra-thin SOI, the ability to achieve good ESD results will become a
greater challenge. As SOI scales, the buried oxide film will be scaled to reduce proces-
sing time which improves the thermal resistance to the substrate. Additionally, new
structures, such as double-gate SOI, and FINFET structures will begin to emerge as
new SOI structures. The presence of the second gate will improve the current drive and
lower the thermal resistance of the SOI structure. Continued work will be needed to
maintain ESD robust structures in future SOI technologies.

In Chapter 11, silicon–germanium (SiGe) and silicon–germanium–carbon (SiGeC)
technologies and ESD phenomena will be discussed. The chapter will focus on the
distinctions between Si bipolar versus SiGe, and the SiGe versus SiGeC devices from
an ESD perspective. The first paper on ESD in SiGe bipolar transistors was published
as recently as 2000. Someday the material in Chapters 10 and 11 will be connected as
these technologies are integrated. For now, let’s look at SiGe and ESD.

PROBLEMS

10.1. Derive the thermal resistance of a silicon-on-insulator wafer which consists of a
thin silicon film tfilm, a buried oxide film tox, and substrate tsub.

10.2. Derive the thermal capacitance of a silicon-on-insulator wafer which consists of
a thin silicon film tfilm, a buried oxide film tox, and substrate tsub.

10.3. Construct an electrical equivalent model using the thermal resistor and thermal
capacitance.

10.4. Treating the SOI wafer as a stratified media, solve for the temperature of each
domain at the boundaries and the center using the transfer matrix approach,
assuming a known wafer temperature at ambient.
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10.5. Derive a relationship between the power to failure of an SOI transistor and the
maximum power dissipation during circuit operation.

10.6. Derive an electrical model of a lateral gated diode structure assuming a pþ/n�/
nþ diode (e.g. whose body region is n�).

10.7. Derive an electrical model of a lateral gated diode structure assuming a pþ/p�/
nþ diode (e.g. whose body region is p�).

10.8. Derive an electrical model of a lateral gated diode structure assuming a pþ/p�/
n�/nþ diode (e.g. whose body region is p� and n� of a given defined length).

10.9. Derive the power to failure of an SOI transistor compared with a bulk CMOS
transistor based on the Wunsch–Bell model. Derive it according to the Dwyer
model.

10.10. Given that an SOI transistor buried oxide region is scaled for each technology
generation by the MOSFET constant electric field scaling parameter a, how
does the total thermal resistance scale with technology scaling assuming the
thin silicon film is fixed in dimension ? Assuming the thin film is scaled with the
buried oxide film, how does the total thermal resistance scale ?

10.11. Derive the ratio of the current drive of a dynamic threshold MOSFET to the
current drive of a standard MOSFET. Derive the ratio of the turn-on voltages.
Derive the required width of a standard MOSFET necessary to achieve the
same current drive as a DTMOS device of width W.

10.12. Derive a model of dynamic threshold MOSFET SOI ESD device with a parallel
diode body element as shown in this chapter, where the total width of the device
is the sum of the diode width and the MOSFET width.
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11 Silicon–Germanium and
ESD

In this chapter, we will discuss silicon–germanium (SiGe) and ESD. The first paper on
ESD in SiGe bipolar transistors was published as recently as 2000. This chapter will
bring the reader up to speed from the first publication to the present. The first electrical
measurements of SiGe HBT devices will be shown, as well as the first SiGe–carbon
(SiGeC) measurements. The chapter will focus on the distinctions between Si bipolar
homojunctions versus SiGe heterojunction bipolar transistors (HBT), SiGe versus
SiGeC HBT, and other aspects from an ESD perspective.

In the 1950s and 1960s, the question of the limitations of the transistor speed was being
addressed by device researchers such as Early, Johnson, Kirk and others [1–7]. The work
by H. Kroemer on the heterojunction opened a new door to achieving higher speeds than
anticipated with silicon homojunctions [8,9]. Significant growth in both high-frequency
wired and wireless markets has introduced new opportunities where compound semicon-
ductors have unique application advantages over bulk CMOS technology [10]. With the
rapid advancement of the epitaxial layer pseudomorphic silicon–germanium (SiGe)
deposition processes, epitaxial–base SiGe heterojunction bipolar transistors (HBT) have
been integrated with mainstream advanced CMOS development processes, providing the
advantages of SiGe technology for analog and RF circuitry while maintaining the full
utilization of the advanced CMOS technology base for digital logic circuitry [11–23].

Significant work has been completed to understand the high-frequency, and high-
current effects of the SiGe HBT device [24–31]. Although significant work was done to
understand the ESD robustness of the homojunction transistor [32–44], no publications
appeared on the ESD robustness of silicon–germanium transistors, although they were
rapidly gaining interest as mainstream semiconductor components. SiGe HBT devices
are replacing silicon bipolar junction (BJT) devices as the primary element in all analog
and RF applications. With the increased volume and growth in the applications that use
SiGe HBT devices for external circuitry, the quantification of the SiGe HBT devices
during electrostatic overstress (EOS) and electrostatic discharge (ESD) sensitivities has
become more importance [45–55].

ESD: Physics and Devices Steven H. Voldman
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11.1 SILICON–GERMANIUM

11.1.1 Silicon Germanium Structures

Epitaxial deposition of silicon germanium allows for optimization of a bipolar transis-
tor without the limitations and pitfalls of implanted dopants. The SiGe alloy film, which
can in principle be an atomically abrupt interface, avoids limitations of Gaussian
profiles, dopant implant channelling and hot-process deficiencies. The ultra-high
vacuum chemical vapor deposition (UHV/CVD) allows for tight control of dopant
implants and low thermal budget. Figure 11.1 shows a cross-section of an epitaxial
graded Ge-base SiGe HBT device. The SiGe HBT device is formed on a p-silicon
substrate wafer. This is to provide good noise isolation between the analog and digital
circuitry and a low substrate-to-sub-collector capacitance. The polysilicon deep trench
isolation defines the sub-collector region and also provides a low sidewall capacitance.
Additionally, the deep trench isolation influences the subcollector-to-substrate break-
down voltage and eliminates parasitic devices in a SiGe HBT device. The polysilicon
deep trench isolation is used for high-performance applications as it provides a lower
unity power cutoff frequency fMAX. For low-cost processes, the deep trench is replaced
with either a low-cost trench isolation (TI) or diffusion implants. The DT-defined
collector contains a highly doped nþþ subcollector, nþ collector reach-through implant
and optional nþþ pedestal implant. The pedestal implant, used for the high-frequency
SiGe npn, provides a low-resistance collector, a high fT, and improved Kirk effect. From
the CMOS base technology, the shallow trench isolation (STI) is used for definition of
the collector contact and sub-collector reach-through structure. Silicon–germanium
transistors can also be constructed with LOCOS isolation from older generation CMOS
or BiCMOS base technology. The deposition of the SiGe film has been demonstrated in

Figure 11.1 SiGe heterojunction bipolar transitor (HBT) device
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a number of different chemical vapor depositions. Using UHV/CVD processing, SiGe is
deposited in the base region over single-crystal silicon and the STI isolation structure.
The Ge concentration is varied during the film deposition process to provide a position-
dependent SiGe alloy film for profile and device optimization of the SiGe HBT base
region . The epitaxial base region forms a single-crystal SiGe intrinsic base and an
amorphous poly-SiGe extrinsic base region. A window is formed over the single-crystal
intrinsic SiGe base region to form the n-type polysilicon emitter. After hot process,
nþ dopants of the emitter diffuse into the SiGe intrinsic base region. Interconnection to
the emitter, base and collector is defined by a tungsten (W) local interconnect. Interlevel
dielectrics, tungsten contacts, and aluminum interconnects are formed with the reactive
ion etching (RIE) and chemical mechanical polishing (CMP) processes used in base
CMOS technology.

Heterojunction base–emitter design, bandgap engineering and technology scaling
will each play a key role in the ability to achieve faster devices for the wired and wireless
markets. As these structures are scaled, the sensitivity of these devices from EOS, ESD
and EMI events. Figure 11.2 shows a cross-sectional drawing of a silicon–germanium
heterojunction bipolar transistor.

In this structure, the deep trench structure borders the collector region. The collector
region contains the nþþ sub-collector, the lightly doped region of the collector and the
nþ pedestal implant. The shallow trench isolation is formed on the deep trench sidewall
and serves as a region to define the base electrical contact. The collector contact is not
shown in the drawing. The SiGe base region is formed over the single-crystal silicon and

Figure 11.2 SiGe HBT device
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the shallow trench isolation regions. Contacts to the base region are made over the
shallow trench isolation regions to the poly-silicon–germanium film region. Dopants
from the base diffuse into the single crystal region forming the base–collector junction
region. The emitter is formed in the single-crystal silicon–germanium region by diffusion.

Epitaxial base profile optimization of the SiGe HBT device provides degrees of
freedom for device design. These design freedoms can also translate into the ability to
design a heterojunction transistor with electrical characteristics suitable for both func-
tional optimization and high-current pulse operation (e.g. ESD operation, overshoot/
undershoot). Today, SiGe HBT devices use a spatially dependent Ge concentration to
modulate the bandgap, which provides a higher collector current density, base transit
time reduction, low intrinsic base resistance, and an increased Early voltage at cutoff
frequencies. Silicon–germanium HBT devices can be formed by varying the germanium
concentration in the SixGe1-x compound. Figure 11.3 shows the SiGe bandgap high-
lighting the band modification from the germanium profile. Rectangular, triangular and
trapezoidal profiles are used to optimize the transistor transit time.

Figure 11.4 shows an expanded view of the emitter–base region. Over the single-
crystal silicon, a pseudomorphic single-crystal SiGe film is formed. A facet occurs at the
amorphous SiGe-to-SiGe single-crystal interface. The TiSix salicide is formed on the
extrinsic base region from the contact to the edge of the emitter polysilicon structure.
A pþ dopant is implanted into the extrinsic base region to reduce the base series
resistance. A ‘self-aligned’ (SA) SiGe HBT device is a transistor where this extrinsic
base implant is aligned to the edge of the emitter window opening using a disposable
spacer forming a fixed extrinsic base-to-emitter space. A ‘Non-self-aligned’ (NSA)
SiGe HBT device is a transistor where the extrinsic base implant is aligned to the edge
of the polysilicon emitter shape.

Two key figures of merit for a SiGe HBT device are the unit current gain cutoff
frequency fT, and unity power gain cutoff frequency fmax. The unit current gain cutoff
frequency fT is inversely related to the emitter-to-collector transit time �EC.

1

2�fT
¼ �EC ¼ �E þ �B þ �CSL þ �C

Figure 11.3 SiGe HBT band diagram
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where

�E ¼ Ceb þ Cbc

gm

�B ¼ W2
B

KDB

�CSL ¼ rCðCc�sx þ CbcÞ

�C ¼ xC

�satL

The emitter transit time is a function of the emitter–base capacitance, base–collector
capacitance, and transconductance. The base transit time is a function of the base
width, and diffusion coefficient and base grading factor K. The collector terms consists
of the collector capacitance, collector resistance and velocity saturation term.

Minimizing the collector–base capacitance Ccb, collector–substrate capacitance Ccsx,
and base resistance Rb improves fmax.

fmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fT

8�RbCbc

s

The base resistance is defined as an intrinsic base resistance and an extrinsic base
resistance. The intrinsic base resistance is associated with the area under the nþ emitter
diffusion. The extrinsic base resistance consists of all base resistance components from
the intrinsic base to the base contact. The extrinsic base resistance comprises of the
amorphous SiGe region from the contact to the STI edge. At the STI–silicon transition,
the SiGe film transitions from amorphous to single crystal SiGe. The first term is the
resistance of the poly-SiGe. The second term is the resistance of the SiGe film from the
facet to the edge of the extrinsic base implant. The third component of the extrinsic base
implant is the single-crystal SiGe base region between the emitter diffusion edge to the
extrinsic base implant edge, known as the ‘link’ resistance.

Rb;int ¼
1

3

WE

LE
�B

Figure 11.4 SiGe HBT emitter–base structure
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Rb;ext ¼ RpolySiGe þ RSiGe þ RLink

RLink ¼ LLink

LE
�Link

The first two regions of the external resistances are a function of the salicide location
relative to the facet transition. The salicide extends from the contact to the emitter
polysilicon edge.

Optimization of the emitter–base region requires addressing the cutoff frequencies fT
and fmax, base resistance Rb, emitter–base breakdown voltage BVEBO, and emitter-base
leakage current ILEBO. For SA SiGe HBT devices, there is an optimum spacer thickness
which optimizes the emitter–base region. As the spacer width decreases, the cutoff
frequencies decrease due to an increase of the emitter–base and collector–base capaci-
tances. Additionally, the BVEBO decreases and the ILEBO increases. As the spacer width
decreases, it has been shown that the leakage current changes from a temperature-
sensitive temperature-insensitive behaviour. This indicates transition from thermal
leakage mechanisms (e.g. Shockley–Read–Hall, Frenkel–Poole, and avalanche) to
tunneling mechanisms (e.g. trap-to-band and band-to-band tunneling). Current gain
degradation effects are observable from current gain measurements, Gummel plots and
IB–VBE plots.

11.1.2 Silicon–Germanium Device Physics

The physics of a silicon–germanium HBT device compared with the silicon bipolar
junction transistor is different as a result of the bandgap engineering. Epitaxial base
profile optimization of the SiGe heterojunction bipolar transistors provides degrees of
freedom for transistor device design. Kroemer pointed out in 1982 that heterojunctions
can control electrons and holes separately and independently provide design freedom
which is not achievable in homojunction transistors [8,9]. These design freedoms can
also translate into the ability to design a heterojunction transistor with electrical
characteristics suitable for both functional optimization and high-current pulse operation
(e.g. ESD operation, overshoot/undershoot). Kroemer noted that using wide-bandgap
emitter structures was extremely advantageous for high base doping concentrations in
the heterojunction bipolar transistor [8,9]. Today, SiGe heterojunction bipolar transis-
tors use a spatially dependent germanium concentration to provide a higher collector
current density, base transit time reduction, low intrinsic base resistance, and an
increased Early voltage at cutoff frequencies.

With high base doping concentrations, the intrinsic temperature Ti, of a SiGe HBT
device can be significantly higher than that of a Si BJT device, providing a device less
prone to thermal instability. The intrinsic temperature Ti is the temperature at which the
intrinsic carrier concentration exceeds the dopant concentration. Thermal runaway or
second breakdown is the point (I,V) at which a semiconductor device is at the onset of a
negative resistance state because of thermal feedback initiated by Joule self-heating. The
thermal instability is typically irreversible and leads to either leakage or destruction of
the semiconductor structure. From Joule heating, the intrinsic carrier concentration
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increases with increasing temperature. It is well known that Si-BJT device thermal
instability typically occurs in the low-doped base region, where the intrinsic temperature
is low, due to the low base doping concentration. For SiGe devices, the position-
dependent Ge concentration also plays a role. With a position-dependent Ge concen-
tration, the intrinsic carrier concentration can be expressed as

n2i ðxÞ ¼ �n2ioe
�EðxÞ=kT

and

�EgðxÞ ¼ �Eapp
g;b þ�Eg;GeðgradeÞðx=WbkTÞ þ�E

ð0Þ
g;Ge

where DEg(x) is the position dependent bandgap; �Eapp
g,b is the heavy doping-induced

apparent bandgap narrowing; and DEg,Ge (grade) is the difference between the band
bending at the base–collector junction; DEg(x¼Wb), and the band bending at the base–
emitter junction; DEg (x¼ 0). The effective density of states ratio of SiGe and Si is
expressed as

� ¼ ðNCNVÞSiGe=ðNCNVÞSi

The position-dependent Ge concentration produces a position-dependent intrinsic
temperature Ti(x). Hence, the intrinsic temperature for a heterojunction bipolar tran-
sistor can be expressed as

TiðxÞ ¼ Eg;Si þ�Eapp
g;b þ�Eg;GeðgradeÞðx=WbÞ þ�E

ð0Þ
g;Ge

n o
=

k ln ½NbðxÞ=nio�2ðNCNVÞSi=ðNCNVÞSiGe

n o

From an ESD perspective, a bipolar transistor with a high bipolar current gain is also
advantageous for discharging current in a peripheral circuit or ESD network. From the
position-dependent intrinsic carrier concentration and the Kroemer–Moll–Ross rela-
tionship [8,9], the collector current for a graded Ge concentration can be expressed as

IC ¼ AC qDnbn
2
io=WbNb

� �
e
�Eapp

g;b
=kT

eVbe=kT � 1
n o

��ð�EgðgradeÞ=kTÞ= 1� e��Eg;GeðgradeÞ=kT
� �n o

with g and n are position-averaged.
From the Kroemer–Moll–Ross collector–current relationship, the ratio of the cur-

rent gain of a SiGe HBT and Si BJT can be expressed as

�SiGe

�Si
¼ ��ð�EgðgradeÞ=kTÞe�E

ð0Þ
g;Ge

=kT

1� e�Eg;GeðgradeÞ=kT
� � :
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In a common emitter mode, the collector current can be expressed as a function of
the avalanche multiplication factor M and the current gain term as

IC ¼ M�SiGeIB þMICOð1þ �SiGeÞ
1� �SiGeðM � 1Þ

where in an open-base condition

IC ¼ MICOð1þ �SiGeÞ
1� �SiGeðM � 1Þ

From this expression, it is clear that the collector current is a strong function of both
the avalanche multiplication factor M, and bipolar current gain. The high bipolar
current gain of SiGe HBT transistors allows for the ability to discharge significant
current during ESD events. The avalanche multiplication termM also plays a role in the
high-current conduction during ESD events.

With bandgap engineering, the SiGe transistor is designed so that the Ge concentra-
tion does not significantly penetrate into the Si collector region at the base–collector
junction. Germanium has a lower high-electric-field effective ionization threshold
energy compared with Si (Ge is approximately 1 eV compared with 3.6 eV in Si), leading
to a higher impact ionization rate. Fortunately, since the penetration of the Ge
concentration is a few tens of nanometers, there is not a significant accumulation of
carrier energy leading to an enhancement of the avalanche multiplication term M at the
base–collector junction.

For ESD phenomenan, it is important to have the bipolar transistor responsive on
the time scale of the ESD model. The CDMmodel, the fastest of the ESD models, has a
250 ps rise time and an oscillatory waveform. The energy spectrum of a CDM event has
a significant energy contained in the 1–5GHz regime. The responsiveness of the SiGe
HBT device is a function of the emitter, base and collector transit times, whereas the
base transit time is typically the frequency-limiting term. SiGe HBT devices use a graded
Ge profile to establish a built-in electric field which accelerates the electrons from the
emitter to the collector, providing a base transit time significantly less than Si BJT
devices.

From the double-integral expression of the base transit time for a heterojunction, the
base transit time can be expressed as

� ¼ W2
b=Dnb

� �
kT=�Eg;GeðgradeÞ
� �

1� kT=�Eg;GeðgradeÞ
� �

1� e��Eg;GeðgradeÞ=kT
� �h i

This expression is comprised of the base transit time in a uniformly doped Si BJT,
W2

b/Dnb, multiplied by the terms associated with the base transit time enhancements due
to the Ge bandgap modulation. The emitter transit time in a SiGe HBT device is
proportional to the reciprocal of the bipolar current gain, so it has the advantage
relative to the Si BJT for ESD phenomenon.

Breakdown voltages of SiGe HBT devices are important for both I/O and ESD
applications. The collector-to-emitter breakdown voltage, BVCEO , can be expressed as
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BVCEO ¼ BVCBO 1� ð�SiGe=�SiÞ
�SiGe þ 1

�Si

� �
8>><
>>:

9>>=
>>;

For SiGe HBT devices, the bipolar collector current gain improvement shows itself
as a low collector-to-emitter breakdown voltage. The collector-to-emitter breakdown
voltage, BVCEO – b tradeoff can be advantageous for both performance and ESD
protection by modulating the collector profile with a ‘pedestal implant.’ Using an
optional pedestal implant, both a high-frequency fT and a high-breakdown voltage
SiGe npn can be built in a single process for I/O and ESD advantages.

11.2 SILICON–GERMANIUM ESD MEASUREMENTS

The sensitivity of silicon–germanium heterojunction bipolar transistors ESD needs to be
evaluated in different bipolar configurations. Two SiGe HBT device measurements of
interest are collector-to-emitter and emitter-to-base measurements.

In a collector-emitter mode, the emitter is grounded and an ESD pulse is applied to
the collector region. As the collector-to-emitter voltage increases, both the collector–
base junction voltage and the maximum electric field in the junction increases, leading
to the onset of avalanche multiplication. In SiGe HBT devices, the base doping
concentration is significantly higher than for the Si BJT devices. With the high-doped
base region, the depletion region extends into the lower-doped collector region in both
the pedestal and non-pedestal SiGe HBT devices. Avalanche multiplication occurs
primarily in the Si collector region, where the holes are accelerated through the silicon
collector into the SiGe base region and the electrons are accelerated into the collector.
As the base region potential rises, the emitter–base junction becomes forward-biased,
leading to bipolar snapback of the SiGe HBT device.

As an example measurement configuration, a transmission line pulse (TLP) system is
shown (Figure 11.5).

Figure 11.5 High-current transmission line pulse (TLP) test system
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A high-current pulse-testing I–V measurement of a SiGe HBT with a 0.32-mm-wide
by 20-mm-long emitter structure in a floating base common emitter mode is shown in
Figure 11.6. For this measurement, the pulse has 50-ns pulse width with 3-ns rise- and
fall-times. With single probes, no capacitive load exists on the base electrode.

As the TLP pulse current increases, the collector-to-emitter voltage increases across
the SiGe HBT device until the first trigger voltage is reached. As the collector voltage
increases, avalanche multiplication increases until avalanche breakdown occurs. From
this I–V characteristic, the first trigger point of avalanche (It1 ,Vt1 ) is the onset of
snapback. With increasing collector-to-emitter voltage, the current through the device
increases, rising out of the low-voltage/high-current snapback state. The inverse slope of
the I–V trace after the snapback point is the dynamic on-resistance of the SiGe HBT
device. As the voltage increases, the current increases linearly with the increased pulse
current. At this point, the voltage increases beyond the first trigger voltage, Vt1 . Beyond
the first trigger point, the current increases until a soft transition occurs. Then, a change
in the dynamic resistance occurs: the dynamic on-resistance is reduced, followed by an
increasing current without a negative resistance transition or thermal instability. As the
current pulse increases, the onset of thermal instability eventually occurs, where the
SiGe HBT enters a negative resistance regime, and falls to a high-current/low-voltage
state. The low-voltage/high-current state of the SiGe HBT is at a voltage value near or
below the snapback voltage state. Typically, for most of the measurements taken in
different configurations, the onset of thermal instability or the low-voltage/current state
is the point of increase in leakage current and is believed to be the point of device failure.

Thermal instability and power-to-failure in high-current pulse testing is a function of
the applied pulse width as is evident from the Wunsch–Bell and Dwyer models. As
shown in the Wunsch–Bell model, the critical current-to-failure and power-to-failure of
a semiconductor device increases with decreasing pulse width. Figure 11.7 shows TLP
I–V characteristics of a 0.32� 20 mm SiGe HBT as a function of pulse width. For pulse
widths significantly shorter than the thermal diffusion time, the power to failure of a
SiGe HBT will be inversely proportional to the pulse width and follow an adiabatic
dependence. For pulse widths on the order of the thermal diffusion time, the critical

Figure 11.6 TLP I–V characteristic of SiGe HBT device (pulse width � ¼ 50 ns)
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current to failure will have a weaker dependence on pulse width due to the thermal
diffusion of heat from the region of self-heating. As the pulse width increases above
50 ns, our measurements show that the onset of thermal instability decreases mono-
tonically with increasing pulse width. The post-thermal instability low-voltage/high-
current I–V point also monotonically decreases in both current and voltage for the
observed pulse width range from 40 to 1000 ns. An additional observation is that, for
very short pulse widths, a high-current state exists for the SiGe HBT prior to onset of
thermal instability whereas this is less evident in the longer pulse widths. For the
dynamic on-resistance, the shorter pulse widths have a lower resistance than the longer
pulse I–V measurements as the pulse width increases from 40 to 1000 ns.

From these results, the Wunsch–Bell curve can be plotted by mapping the point of
the current to failure as a function of the pulse width. Figure 11.8 shows a linear
logarithmic plot of the onset of thermal instability Jcrit, as a function of the pulse width
for the DT-defined high-performance 0.32� 20 mm emitter SiGe HBT structure for the

Figure 11.7 TLP I–V characteristic of SiGe HBT device (� ¼ 40–1000 ns)

Figure 11.8 SiGe HBT critical current density Jcrit as a function of pulse width �
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nine different pulse widths. The results show that Jcrit decreases as the pulse width
increases. The decrease in the onset of thermal instability and power to failure is con-
sistent with work of Wunsch–Bell, and other established thermal physics failure models.

11.2.1 SiGe – Silicon Comparison

Silicon germanium transistors, compared with Silicon homojunction transitors have
higher bipolar current gain characteristics, lower base transit time, lower emitter transit
time, and lower intrinsic base resistance which are advantageous for ESD protection
networks. An experimental batch with two epitaxial base Si homojunction splits and the
standard SiGe HBT device was constructed with identical masks in common structures.
Figure 11.9 shows a TLP I–V characteristic of one of the Si homojunction BJT splits in
the identical 0.32� 20 mm emitter structure for a 50 ns pulse width compared with the
SiGe HBT measurement. The SiGe HBT device remains in a high-current/high-voltage
state and does not undergo the transition into thermal instability, as is evident in the Si
BJT device.

Further examination of this effect is provided by varying the pulse width from 40 to
1000 ns. Figure 11.10 shows the TLP I–V characteristics of the Si BJT homojunction.
The response of the epitaxial base Si BJT homojunction I–V characteristic is similar to the
SiGe HBT, with one key qualitative distinction. It is evident that the Si homojunction
BJT undergoes an earlier transition into thermal instability for shorter pulse widths.

Figure 11.11 shows a Wunsch–Bell Jcrit – pulse-width plot comparing the SiGe HBT
and Si BJT device for a 0.32� 20 mm transistor structure. For short pulse widths, the
SiGe HBT has a higher Jcrit than the Si BJT. For the longer pulse widths, the critical
current density SiGe HBT and Si BJT converge. Wunsch–Bell current to failure plots
also demonstrate that the SiGe HBT ESD results are 30% superior to the Si BJTs at 100
ns. At shorter times, the difference is 200%. This comparison was also completed for
other Si BJT experimental splits where, in all cases, the SiGe HBT showed superior
results at shorter time constants.

Figure 11.9 TLP I–V characteristic of silicon homojunction BJT (� ¼ 50 ns).
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The comparison of SiGe HBT and Si homojunction BJT low- and high-current
characterization parameters is of considerable interest to circuit designers and device
engineers who must optimize and trade off functional and ESD characteristics. In Table
11.1 the electrical parameters and ESD-related parameters are shown. Key parameters
are the current gain �, the Early voltage VA, breakdown voltages and second break-
down values. Two key metrics of interest are the current gain–Early voltage product
� VA, and a new hybrid metric of the current gain-second breakdown �It2 metric. The
current gain–Early voltage metric provides a measure of the current drive and output
impedance of a SiGe HBT. The current gain second breakdown metric is a measure of
the functional current-drive capability and the ESD robustness of the structure.

Figure 11.10 TLP I–V characteristic of silicon homojunction BJT (� ¼ 40 ns to 1ms)

Figure 11.11 Wunsch–Bell Jcrit–� plot for a SiGe HBT and Si BJT device
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For cases where the SiGe-to-Si �SIGE/�SI ratio is 2.57 and 3.53, the SiGe HBT
transistors provide both a higher �VA and �It2 compared with both epitaxial base Si
homojunction and npn BJT devices. The (�It2 )SiGe/(�It2 )Si ratio can be expressed as

ð�It2ÞSiGe

ð�It2ÞSi
¼� �Eg;GeðgradedÞ=kT
� �

e�E
ð0Þ
g;Ge

=kT

1� exp��Eg;GeðgradedÞ=kT
� �

It2SiGe=It2Sif g

From the Moll–Ross–Kroemer current relationships, the SiGe-to-Si � advantage is
consistent with correlation of improved It2 with current gain b [8,9].

A key advantage of the bandgap engineering for the SiGe base region allows for
design optimization of the intrinsic base resistance Rbi and cutoff frequency, fT. The
intrinsic base resistance for a SiGe HBT device can be expressed as

RbiðSiGeÞ=RbiðSiÞ ¼ ð�SiGe=�SiÞ e�E
ð0Þ
g =kT kT=�EgðgradeÞ

� �n o

A lower zero bias intrinsic base resistance can be achieved for a given frequency fT,
allowing for higher doping concentration in the intrinsic and extrinsic base regions. By
providing a higher doping concentration, a higher intrinsic temperature, Ti(x), can be
obtained, improving the second breakdown characteristics and providing a thermally
stable base region. This is a significant advantage for ESD robustness of SiGe HBT
devices. Additionally, the lower intrinsic base resistance reduces the impact of voltage
distribution drops in a SiGe npn stripe and lower resistance in a diode-configured base–
collector npn transistor compared with a Si BJT so that they can be more suitable as
ESD protection network elements. Successful usage of a SiGe HBT device in diode-like
operation is also important to provide a low extrinsic base resistance and low collector
resistance. The low extrinsic base resistance is minimized by design and device scaling
whereas the low collector resistance is achieved with high sub-collector doping concen-
trations and reach-through implants.

Table 11.1 Electrical parameters of SiGe HBT and Si BJT devices

Parameter Si BJT (a) Si BJT (b) SiGe HBT

� 56.1 40.83 144

VA (V) 41.63 53.12 103

Icoll at 0.72V (mA) 0.82 0.62 2.15

BVEBO (V) 3.67 3.14 3.86

BVCEO (V) 3.63 3.78 3.2

BVCES (V) 11.16 11.1 11.26

It2 (A) 0.08 0.08 0.12

Pf (W) 0.64 0.71 0.8 45

� VA 2 335 2 169 14 832

�It2 4.48 3.38 16.58
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11.2.2 SiGe Electrothermal Simulation: Collector–Emitter

Preliminary electrothermal simulation of the SiGe HBT device during an HBM ESD
event was completed using a two-dimensional finite element cross-section of the SiGe
HBT device. A full SiGe semiconductor process was defined, using the TSUPREME
semiconductor process tool. Finite element electrothermal simulation was completed,
using the FIELDAY III device simulator. The FIELDAY formulation is based on the
three moments of the Boltzmann transport equations, conservation of charge equations,
and lattice energy conservation relationships. The constitutive equations for electron- and
hole-current densities account for current flow caused by thermal gradients. The constitu-
tive equation for lattice energy flux represents the Fourier law of heat conduction. The
lattice energy consists of the Joule heating and energy exchange with carriers and the lattice.

To simulate an HBM pulse, the Van Roozendaal double-exponential current wave-
form is used in the FIELDAY simulator. Figure 11.12 shows the temperature field in
the SiGe HBT device where the cross-section was sliced through the center of the emitter
structure, using a reflecting thermal boundary condition (dT/dy¼ 0) with thermal
contacts and proper thermal boundary conditions established at other interfaces. In
the study, the simulation was completed with the test in common emitter configuration.
The emitter window is in the upper right-hand corner of the device. In the common
emitter mode, the peak temperature can be observed in the collector region. In SiGe
HBT devices, the base doping concentration is significantly higher than the collector
region. As a result, the Joule heating in the collector region plays a significant role in the
transient temperature field T(x,y,t) in the SiGe HBT device. The darkest contour is the
region of peak heating the collector–emitter region.

11.2.3 SiGe Transmitter–Emitter–Base

Emitter–base design (Figure 11.13) has a significant influence on both the device
performance and ESD sensitivity of silicon–germanium heterojunction bipolar transistors
[49,50]. The evaluation of process variations and device design spacings on ESD
robustness is a function of the salicide location, emitter–base spacing, and collector

Figure 11.12 Transient electrothermal device simulation of SiGe HBT (HBM pulse)
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opening. For high-speed RF applications, it is important to improve the ESD protection
of RF receiver networks. A typical example of a RF circuit where RF (in) is connected
to the base of a SiGe HBT device and RF (out) is connected to the collector. A key
sensitivity of RF receivers is ESD failure of the emitter–base junction in both forward-
and reverse-bias stress modes. The ESD robustness of the emitter–base junction is
a function of the spacing, salicide, resistance and design of the emitter base structure.

Over the single-crystal silicon, a pseudomorphic single-crystal SiGe film is formed.
A facet occurs at the amorphous SiGe-to-SiGe single-crystal interface. The TiSix
salicide is formed on the extrinsic base region from the contact to the edge of the
emitter polysilicon structure. A pþ dopant is implanted into the extrinsic base region
to reduce the base series resistance. A ‘self-aligned’ (SA) SiGe HBT device is a transistor
where this extrinsic base implant is aligned to the edge of the emitter window opening using
a disposable spacer forming a fixed extrinsic base-to-emitter space. A ‘non-self-aligned’
(NSA) SiGe HBT device is a transistor where the extrinsic base implant is aligned to the
edge of the polysilicon emitter shape.

The emitter transit time is a function of the emitter–base capacitance, base–collector
capacitance, and transconductance. The base transit time is a function of the base
width, and diffusion coefficient and base grading factor K. The collector terms consists
of the collector capacitance, collector resistance and velocity saturation term. The base
resistance is defined as an intrinsic base resistance and an extrinsic base resistance.
The intrinsic base resistance is associated with the area under the nþ emitter diffusion.
The extrinsic base resistance consists of all base resistance components from the intrin-
sic base to the base contact. The extrinsic base resistance comprises the amorphous SiGe
region from the contact to the STI edge. At the STI–silicon transition, the SiGe film
transitions from amorphous to single-crystal SiGe. The first term is the resistance of
the poly-SiGe. The second term is the resistance of the SiGe film from the facet to the
edge of the extrinsic base implant. The third component of the extrinsic base implant is
the single-crystal SiGe base region between the emitter diffusion edge to the extrinsic
base implant edge, known as the ‘link’ resistance.

Rb;int ¼
1

3

WE

LE
�B

Rb;ext ¼ RpolySiGe þ RSiGe þ Rlink

Rlink ¼ Llink

LE
� link

Figure 11.13 SiGe HBT emitter–base structure
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The first two regions of the external resistances are a function of the salicide location
relative to the facet transition. The salicide extends from the contact to the emitter
polysilicon edge [49,50].

Optimization of the emitter–base region requires addressing the cutoff frequencies fT
and fmax, base resistance Rb, emitter–base breakdown voltage BVEBO, and emitter–base
leakage current ILEBO. For SA SiGe HBT devices, there is an optimum spacer thickness
which optimizes the emitter–base region. As the spacer width decreases, the cutoff
frequencies decrease, due to an increase of the emitter–base and collector–base capaci-
tances. Additionally, the BVEBO decreases and the ILEBO increases.

For the self-aligned (SA) SiGe HBT device, as the emitter polysilicon width increases,
the salicide is moved away from the emitter diffusion area while the extrinsic base
implant is fixed. As the collector width increases, the length of the single-crystal SiGe
region of the extrinsic base resistance increases yet the link resistance and the intrinsic
base region remains fixed. Figure 11.14 shows HBM ESD results of a 0.44� 10 mm SA
SiGe HBT device where the salicide-to-emitter spacing was decreased below nominal
spacing while the extrinsic base implant was kept fixed (in this case, the extrinsic base
implant is self-aligned to the emitter window). For the SA SiGe HBT device, it was
found that the base resistance was modulated by removal of the salicide film, leading to
an increase in the positive stress base–emitter ESD results. With removal of the salicide
film, current must flow through the polysilicon SiGe film instead of through the salicide
film itself. In a self-aligned SiGe HBT, the increase in the size of the emitter polysilicon
increases the base series resistance. The link resistance remains constant while the other
two extrinsic terms are modified dependent on whether the salicide extends to the single-
crystal Si region or over the isolation (e.g. the facet transition region). As the silicide is
pushed out beyond the facet, the base resistance will increase significantly, exposing the
amorphous SiGe film.

From the unit current gain–collector current (fT – IC) and unit power gain–collector
current (fmax – IC) RF measurements, the peak fmax – IC characteristic shows that the
peak fmax decreases with increasing spacing of the salicide from the silicon emitter. This
effect can be demonstrated by increasing the polysilicon emitter width or by using

Figure 11.14 SiGe HBT emitter–base HBM ESD robustness as a function of salicide-to-emitter

spacing
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a salicide block mask. Using a salicide block mask level, RF measurements show an
insignificant change in the peak fT when the salicide is removed from within 0.4 mm of
the emitter polysilicon edge. With increasing the base series resistance, the peak fmax

decreases from 45 to 42GHz. This can be expressed as [49,50]

@fmax

@Rb
¼ � fmax

2Rb

For a ‘non-self aligned’ transistor, the space between the extrinsic base implant and
the emitter can be varied. As discussed previously, this has a significant influence on the
emitter–base breakdown voltage BVEBO and the emitter–base leakage current ILEBO. In
the NSA SiGe HBT, the extrinsic base implant and the silicide moves with the emitter
polysilicon width. In our test structures, the space between the emitter polysilicon shape
and the emitter window was varied.

In the NSA SiGe HBT device, the link resistance increases as the emitter polysilicon
width increases and the salicide is moved farther from the emitter. During an ESD
event, as the reverse-bias is applied, the emitter–base depletion width increases. Since
the emitter is heavily doped, the depletion region extends laterally through the p-doped
SiGe link resistance region. With increased reverse bias, the depletion region extends
into the pþ doped SiGe extrinsic base implant. Hence the NSA SiGe HBT device ESD
robustness will be a strong function of the extrinsic base to emitter spacing.

For negative HBM stress across the emitter–base junction, experimental results show
that as the emitter–base spacing is decreased, there is an decrease in the ESD robustness
of the emitter–base junction (Figure 11.15). For HBM ESD stressing, the ESD failure
criteria is a shift in the I–V characteristic. The failure is associated with an increase in
the emitter–base leakage current, ILEBO.

For positive-mode HBM pulses, the ESD results degrade as the link resistance is
increased. Figure 11.16 shows the HBM ESD results for the forward-bias as a function
of the extrinsic base encroachment. At very small extrinsic base–emitter spacing,

Figure 11.15 SiGe HBT emitter–base HBM ESD robustness as a function of the extrinsic base

implant encroachment for a negative HBM pulse
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enhanced leakage current is evident, impacting the low current gain parameters. In
Figure 11.16, it can be seen that as the link resistance increases, the ESD robustness of
the base–emitter junction decreases [49,50].

From TLP measurements, it can be seen that the failure point and failure mechanism
are associated with a significant increase in the current at a breakdown voltage. The
TLP measurement of a NSA SiGe HBT device under reverse-bias emitter–base stress is
shown in Figure 11.17. As the TLP applied current pulse increases, the emitter–base
voltage increases. The increase in the emitter–base current is also associated with a small
increase in the leakage current. The leakage current saturates at some value prior to the
breakdown of the emitter–base junction.

At some value, the emitter–base junction undergoes a sudden increase in the reverse-
bias emitter–base current as well as a significant jump in the leakage current [50]. A key
result is that both leakage current and emitter–base current increase after approximately
4–5V across the emitter base junction. This is beyond the safe operating area (SOA) of

Figure 11.16 NSA SiGe HBT device HBM measurement in a forward-bias voltage stress as a

function of extrinsic base encroachment

Figure 11.17 TLP measurement of NSA SiGe HBT emitter–base for large emitter diffusion-to-

extrinsic base implant spacing
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the SiGe HBT device. After 10V, the leakage current saturates prior to final leakage
increase. From the results in Figure 11.9, the emitter–base leakage current ILEBO

increases with the emitter–base current after the voltage exceeds the SOA voltage
followed by a saturation phenomenon. A significant jump in leakage occurs until the
avalanche breakdown voltage point. In Figure 11.18, the extrinsic base encroachment is
increased by 0.3 mm. In this case, the SiGe HBT NSA device shows an increase in the
emitter base current with the TLP pulse increase. Leakage current ILEBO again increases
after 4V, followed by a saturation at 6V. The ILEBO has a sudden increase at the
emitter–base current avalanche point.

In the NSA SiGe HBT, as the extrinsic base implant to emitter window edge is
reduced, the breakdown voltage will reduce. In Figure 11.19, TLP measurements of the
minimum extrinsic base implant to emitter window space NSA SiGe HBT device are
shown

In Figure 11.19, for the 0.4 mm encroachment case, the failure voltage reduces to
5.05V. In Table 11.2, the emitter–base encroachment and corresponding TLP failure
voltage is shown with the leakage value prior to the failure of the structure.

Figure 11.18 NSA SiGe HBT TLP measurement

Figure 11.19 TLP measurement of NSA SiGe HBT emitter–base for minimum emitter-

to-extrinsic base spacing
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Figure 11.20 shows the TLP failure voltage has a monotonically decreasing value
with emitter–base encroachment.

A thermal model to explain the emitter–base failures would consist of a parallele-
piped volume whose dimensions are the emitter length, the SiGe epitaxial thickness and
the distance from the base contact to the emitter diffusion. The model consists of the
amorphous poly-SiGe region, the SiGe single-crystal extrinsic base region, the low-
doped SiGe p-region, the emitter nþ diffusion and the SiGe epitaxial thickness. To
analyze the reverse breakdown, a one-dimensional model for the pþ/p�/nþ with the
appropriate link resistance lengths is suitable to understand the reverse voltage phenom-
enon. For the forward case, a one-dimensional Wunsch–Bell or three-dimensional Dwyer
model with three thermal diffusion time constants associated with the SiGe epitaxial
thickness, the emitter length and a physical length less than the base contact to emitter
diffusion distance would be appropriate to understand the thermal physics in this structure;
for a reverse case, a junction breakdown model which addresses the pþ/p�/nþ transitions.

A thermal transmission line model can also be used to explain the boundary condi-
tions and self-heating in the polysilicon germanium film. The polysilicon germanium
film is above the device surface and is on the shallow trench isolation region. Analogous
to the silicon on insulator (SOI) model, the self-heating in the polysilicon germanium
region can be represented as a thermal node, where there is an admittance expression

Table 11.2 TLP measurement summary of the NSA SiGe HBT

emitter–base for minimum emitter-to-extrinsic base spacing

Emitter base

encroachment (mm)

TLP leakage

(pA)

TLP failure voltage

(V)

0.00 19.3 13.487

0.20 12 10.453

0.30 19.83 7.41

0.40 18.0 5.046

Figure 11.20 TLP failure voltage as a function of emitter–base encroachment in a NSA SiGe

HBT device
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consisting of the thermal capacitance and thermal resistance to the substrate region. The
thermal capacitance and resistance of the shallow trench isolation will serve as the first
admittance term. The boundary conditions can be represented as the base contact,
and metal interconnects. From this model, the series solution can be obtained, and
prediction of the peak temperature can be made.

11.3 SILICON–GERMANIUM–CARBON

Silicon–germanium alloy films have enabled the integration of advanced silicon tech-
nology with the heterojunction bipolar transistors devices [56–74]. In order to achieve
higher speeds, new processes have emerged to combat the technology scaling limitations
of the silicon–germanium HBT devices. One of the scaling limitations of the SiGe npn
HBT device is the npn transistor base width. In order to reduce the transit time, the base
width is required to scale to provide an increase in the unit current gain cutoff frequency
fT. Additionally, the base doping concentration must be increased to achieve a high unit
power gain cutoff frequency fmax, to provide a low base sheet resistance as the base
width is scaled. A limitation to achieve this performance is the use of boron in the base
region. Boron diffusion will limit the ability to continually scale the SiGe HBT npn
device base region. As a result, the silicon–germanium–carbon heterojunction bipolar
transistor was introduced in order to address this issue, allowing the continued scaling
of the SiGe HBT device to higher cutoff frequencies.

11.3.1 Silicon–Germanium–Carbon Device Physics

In order to achieve higher speeds, new processes have emerged to combat the technol-
ogy scaling limitations of the silicon–germanium HBT devices. To extend the SiGe
HBT device to higher frequencies, carbon is incorporated into its base region. A key
issue in the technology scaling of the HBT device is the dimensional scaling of the base
width of the transistor to achieve smaller base transit times. A challenge in pseudo-
morphic epitaxial base SiGe HBT devices is to scale the narrow as-grown boron profile
within the SiGe alloy film during post-epitaxial processing. The challenge comes in
achieving a low sheet resistance, by increasing doping concentration, and at the same
time, limiting the boron diffusion process from thermal processes and transient
enhanced Diffusion (TED) processes [56–74].

In a pseudomorphic Si1�xGex film, the film is compressed in the growth plane and
expanded in the growth direction, causing the boron atom diffusion to be nonrandom.
Boron will diffuse more easily in the direction parallel to the silicon surface and diffuse
more slowly in the film growth direction. The diffusion of Boron in the Si1�xGex HBT
alloy film can be explained in a simple diffusion model that includes the modified strain,
the effect of trapping between B and Ge, the drift field due to the bandgap narrowing,
and the spatially dependent intrinsic carrier concentration. The universal diffusion
equation for a generic impurity present in a structure is

@CB

@t
¼ �r � JB
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where CB is the boron concentration and JB is the boron impurity flux, given by

JB ¼�DB’
@CB

@x
þ CB

Q

@NT

@x
þ 2CB

Q

n@ ln ni
@x

� 	

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2

T þ 4n2i Þ
q

¼ nþ p

’ ¼ 1þ �ðp=niÞ
1þ �

and n and p are the electron and hole concentrations. The factor 	 allows for the
inclusion of the concentration dependence of both B and Ge fractions (strain) depend-
ence of the effective diffusion coefficient. Additionally, the expression for 	 contains the
parameter b, and NT and ni are the net doping and intrinsic concentration, respectively.
In the boron impurity flux equation, the first term is the conventional Fickian diffusion
term, the second is a term for the built-in electric field from the dopant distribution, and
the third term is associated with the built-in electric field initiated by the spatial
variation of the Si1�xGex bandgap. The diffusion of boron in a Si1�xGex system is
influenced by the different Ge fractions, the boron density gradient leading to a
segregation process, and the electrical active B percentage (which is approximately half
of a silicon-only film). Germanium acts as traps for the boron atoms which can be
represented as a Ge–B clustering center for a boron clusterization process, which
transfers B atoms into electrically inactive charge states.

B� þGe ! GeB�

The diffusion of boron can be represented as

DB ¼ ’DBO expð�EA=kTÞ

At high Ge contents, the strain due to the presence of Ge influences the Boron
diffusivity. The local strain, S, due to the Ge and B concentration is addressed through
the modification of the activation energy

DB ¼’DBO expð�EA=kTÞ� expð�fS=kTÞ

EA ¼ EA;mod þ fS

The diffusion of boron in the presence of carbon is significantly altered in the
Si1�xGex film. Carbon diffusion in regions with significant carbon concentrations can
cause localized under-saturation of the silicon self-interstitials. This C-rich region
results in the suppression of the boron diffusion process. The diffusion of C in silicon
occurs as a result of a substitutional–interstitial mechanism. Silicon self-interstitials I
react with immobile substitutional carbon CS, to form mobile interstitial carbon atoms
CI, as represented in the reaction

CS þ I , CI
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The boron diffusivity is modified by the concentration of Si interstitials CI, and the
equilibrium concentration, C�I.

DB ¼ CI

C�I

� 	
’DBO expð�EA=kTÞ

’ ¼ 1þ �ðp=niÞ
1þ �

The boron activation energy in the equation above is a function of both the boron
and the carbon. The activation is represented in the Si1�x�yGexCy system as
EA¼ 3.62þ 0.4 xy, where x is the Ge and y is the C atom atomic fractional percentage
[75]. Carbon, because the atom is small, relieves the strain in the Si1�xGex film. From
the relationship

DB ¼ ’DBO expð�EA=kTÞ� expð�fS=kTÞ

the strain, S, can be represented as

S ¼ jSGe � SCj

SGe ¼ 
x

SC ¼ R
y

where 
 is the lattice mismatch between Si and Ge, R is the strain compensation ratio,
SGe and SC are strain for Ge and C, respectively. The activation per unit strain f 0 is a
function of the diffusivity of the strained and unstrained materials

f 0 ¼ � kT

S
ln

D̂D

D

 !

11.4 SILICON–GERMANIUM–CARBON ESD MEASUREMENTS

11.4.1 SiGe Carbon Collector–Emitter Measurements

A SiGe system with carbon incorporation in the base region of a SiGe HBT device
influences both the vertical and lateral transport of the boron in the intrinsic and
extrinsic base region [75]. The reduction of the boron diffusion in the SiGe base regions
allows for a narrower base width for a given base doping concentration. This provides
a lower standard deviation of the base width and the base sheet resistance. The first case
provides a higher unit current gain cutoff frequency fT, and the second case allows for a
higher unit power gain cutoff frequency fmax. Additionally, the retardation of the boron
diffusion allows for the design reoptimization to increase the base doping concentration.
The lowering of the base sheet resistance allows for a higher fmax. With the addition
of carbon in the base region, the boron doping concentration can be increased to
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provide a lower sheet resistance. For ESD robustness, there are two advantages.
A higher base doping concentration will also improve the thermal stability of the SiGe
HBT device as a result of the increased intrinsic temperature Ti, in the base region.
Additionally, the higher boron concentration will also reduce the voltage drops in the
base region leading to an improved current uniformity in the SiGe HBT during high
current and ESD events.

In silicon bipolar transistors, statistical process variations lead to variations of the
power to failure of transistor elements. Assuming a normal distribution, Pierce and
Mason assumed the power to failure probability distribution function has a form

fPf
ðPfÞ ¼

1ffiffiffiffiffiffi
2�

p
Sp

exp �1=2
Pf � hPfi

Sp

� �2( )

where the power to failure Pf is the random variable and the mean power to failure is
<Pf>, with standard deviation Sp. The standard deviation can be expressed as

Sp ¼ 1

N � 1

XN
i¼1

fPf i � hPfig2
" #1=2

Pierce and Mason showed that the probability of failure occurs when the ESD pulse
power exceeds the device power to failure. This can be expressed as a cumulative
distribution function.

PrfPf > Pf 0 g ¼
Z 1

Pf 0

fPf
ðPf ; hPCi=�; hPCi=��Þ dPf

In the Pierce–Mason model, the assumption in the analysis is that the parameter
initiating the statistical variation in the failure sensitivity was the emitter junction depth.
In our results, the power to failure variation will also be a function of the base width,
doping distribution, sheet resistance and the thickness of the pseudomorphic Si1�xGex
film. Without carbon, the base width variation is dependent on the boron diffusion
physics and implant statistical variations. The variations of the base width will be
reflected in the collector–emitter breakdown voltage, and the base sheet resistance.

Figure 11.21 shows a typical common emitter TLP I–V measurements comparing a
0.44� 3.2 mm SiGe and SiGeC HBT 45GHz npn structure [75]. In this measurement,
the pulse current is applied to the collector with the emitter grounded and the base
floating. As the voltage increases in the collector region, avalanche multiplication
occurs. In our results, current conduction is evident at the collector–emitter breakdown
voltage BVCEO. Snapback to a low current state is not evident after the breakdown
voltage. This high-voltage/high-current regime is followed by a negative resistance state
transition and ultimately an increase in the leakage current and device failure.

Figure 11.22 and 11.23 show the comparison of the voltage to failure of SiGeC and
SiGe HBT devices. A key conclusion is the SiGeC ESD results clearly show a significant
tighter ESD distribution in all experimental splits performed. Parametric data shows
that the base resistance control is superior when carbon is incorporated into the base of
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the SiGe npn HBT device, as anticipated because of improved control over the boron
TED as well as improved Schuppen factor. This is evident from the d.c. electrical
distribution of the base pinch resistance monitors. As anticipated, the SiGeC HBT
provides improved ESD control due to improved base resistance distribution.

Figure 11.24 shows the comparison of the failure current histogram of the Si1�xGex
with and without carbon in the base region [75]. As was evident from the failure voltage
histogram, the device with carbon is better controlled, providing an improved standard
deviation.

Experimental results show that the relationship for the power of failure follows a
normal distribution.

Experimental measurements were taken of the Si1�xGex and Si1�x�yGexCy HBT
devices as a function of the emitter width in a common emitter configuration.

Figure 11.21 SiGe versus SiGeC HBT TLP characteristic (common emitter configuration)

Figure 11.22 SiGe HBT voltage to failure with and without carbon incorporation
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Figures 11.25 and 11.26 show the TLP failure current and failure power as a function of
the emitter width, respectively.

Our results show that for the Si1�xGex and Si1�x�yGexCy HBT devices the ESD
results increase linearly with increasing emitter width. At an emitter width of 0.35–0.45mm,
the TLP current to failure and power to failure begin to saturate.

11.4.2 SiGeC Device Degradation

During ESD stressing, gradual degradation is evident when the transistor is driven
above the safe operation area (SOA). This was evident from the TLP measurements
in the emitter–base mode of operation. The ‘failure’ of the transistor is dependent on the

Figure 11.23 Histogram of SiGe HBT voltage to failure with and without carbon incorporation

Figure 11.24 Histogram of SiGe HBT current to failure with and without carbon incorporation
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failure criteria. In RF devices, the failure criterion is a function of failure of the RF
functional specifications, or transistor leakage.

In evaluation of the ESD robustness of Si1�x�yGexCy HBT device degradation, the
ESD pulse can be varied in magnitude to observe the shift in the electrical parametrics.
Electrical parameters can include analysis of the S-parameter, fT–IC, fmax–IC, b
degradation, Gummel plots and the d.c. parameter shift as a function of ESD pulses
in forward and reverse polarity.

For evaluation of the SiGeC HBT device degradation, SiGeC HBT devices are to
be placed in RF scattering parameter structures (e.g. S-parameter pad set with
de-embedding test structures for RF characterization). A method to determine the
degradation requires a test methodology including RF characterization both pre- and
post-HBM wafer level stress

For the common emitter mode, a positive HBM pulse can be applied to the SiGe
HBT after RF characterization. Our results showed no significant shift in the d.c. I–V

Figure 11.25 SiGe and SiGeC HBT TLP current to failure as a a function of HBT emitter width

Figure 11.26 SiGe and SiGeC HBT TLP power to failure as a function of HBT emitter width
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characteristic occurred until failure of the device. RF evaluation of fT, and fmax, minimal
degradation effects occurred prior to the device failure. Scattering parameters also failed
to show significant degradation post-ESD testing. The results showed that no d.c. shift
or RF degradation is evident in this device configuration prior to the complete device
failure. At the failure point, the fT and fmax characteristics show significant degradation
where only a small peak was evident at high currents. The fT –IC and fmax–IC shows
significant decay in the lower current region prior to the peak at the failure point.

In the emitter–base configuration, d.c. and RF degradation is evident prior to the
failure point and a relationship between the d.c. shift and RF degradation is evident in
both the positive and negative pulse studies (Figure 11.27, Tables 11.3 and 11.4). During
ESD testing, d.c. characterization showed a gradual degradation of the forward-bias
I–V characteristic. By plotting the experimental results on a unit current gain cutoff
frequency fT against the collector current IC, the change in the device characteristic can
be determined. Evaluation of the fT – IC plot shows as the d.c. shift occurs in the I–V
characteristic, the peak current gain cutoff frequency decreases. The fT – IC plot shows
three effects. First, for current levels below the peak fT, the current gain cutoff frequency
is decreased with a larger slope in the dfT/dIC term. Second, the peak fT is decreased.
Third, fT beyond the peak fT is weak variation with a convergence of the dfT/dIC term.

Both positive and negative HBM pulses demonstrated RF fT –IC and fmax–IC degrad-
ation and d.c. I–V forward characteristic shifts. From the Gummel plots, as the d.c.

Figure 11.27 Unit current gain cutoff frequency versus collector current plot as a function of

negative HBM pulse for SiGeC HBT emitter–base for different pulse magnitudes

Table 11.3 RF and d.c. Parameter degradation as a function of emitter–base

negative HBM Stress

HBM pulse (V) Forward voltage (V) Peak cutoff frequency (GHz)

�50 0.72 46.49

�75 0.42 42.59

�100 0.38 34.78

�150 0.05 32.47
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degradation increases, the base current increases, and the base ideality factor (slope)
decreases. The collector current does not shift significantly with the d.c. degradation.
From the Gummel plots, the d.c. current gain � decreases with the increased ESD stress
level. From this study, some significant conclusions can be made on the relationship of
the d.c. shifts, the degradation mechanism, the RF parameter degradation and the
condition of final HBM failure.

From the fact that unit current gain cutoff frequency fT is inversely related to the
emitter–collector transit time, �EC

1

2�fT
¼ �EC ¼ �E þ �B þ �CSL þ �C

where

�E ¼ Ceb þ Cbc

gm

�B ¼ W2
B

KDB

�CSL ¼ rCðCc � sxþ CbcÞ

�C ¼ xC

�satL

From this expression, we can solve for the unity current gain cutoff frequency.
Taking the derivative of the cutoff frequency equation with respect to the collector
current,

1

2�fT
¼ �EC ¼ �E þ �B þ �CSL þ �C

@

@IC

1

2�fT

� 	
¼ � 1

2�f 2T

@fT
@IC

¼ @

@IC
ð�ECÞ

Table 11.4 RF and d.c. Parameter degradation as a function of positive

HBM Stress

HBM pulse (V) Forward voltage (V) Peak cutoff frequency (GHz)

þ50 0.78 46

þ100 0.78 44

þ200 0.78 44

þ240 0.30 36

þ250 0.18 31
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From this expression, only the emitter transit time transconductance term is a
function of the collector current, hence this can be expressed as

@

@IC

1

2�fT

� 	
¼ � 1

2�f 2T

@fT
@IC

¼ @

@IC
ð�EÞ ¼

@

@IC

Ceb þ Cbc

gm

� 	

where the change in the slope due to degradation can be expressed as

@fT
@IC

¼ �2�f 2T
@

@IC

Ceb þ Cbc

gm

� 	

From this relationship, the ESD current can be used to evaluate the change in the
transconductance term.

What does the future bring for SiGe HBT devices and ESD? As this text is written,
new discoveries in SiGe technology and ESD phenomena are occurring. Faster transis-
tors and new structures are being developed leading to new ESD issues.

In Chapter 12, we address new directions of devices, which may or may not include
the introduction of SiGe films. The next chapter will discuss FinFETs, and strained
materials, and the influence that is anticipated in the ESD arena.

PROBLEMS

11.1. Derive the breakdown trigger condition using an open base common emitter
configured silicon–germanium transistor necessary to protect a MOSFET gate
oxide receiver network. What is the unit current gain cutoff frequency condition
for a gate oxide breakdown voltage of Vox?

11.2. Derive a trigger condition for a common emitter configured silicon–germanium
transistor with a grounded base resistor.

11.3. Derive a trigger condition for a high-frequency unit current gain common
emitter configured SiGe HBT transistor with a grounded base resistor necessary
to protect a second SiGe HBT transistor with a high breakdown BVCEO and
low-frequency unit current gain cutoff frequency.

11.4. Derive the dimensionless group comparing the ratio of the Wunsch–Bell power
to failure of a transistor with the Johnson limit maximum power in the adiabatic
regime.

11.5. Derive the dimensionless group comparing the ratio of the Wunsch–Bell power
to failure of a transistor with the Johnson limit maximum power in the thermal
diffusion regime.

11.6. Derive the dimensionless group comparing the ratio of the Wunsch–Bell power
to failure of a transistor to the Johnson limit maximum power in the steady state
regime.

11.7. Derive the dimensionless group comparing the ratio of the Wunsch–Bell power
to failure of a transistor to the Johnson limit maximum power where the applied
pulse width frequency is equal to the unit current gain cutoff frequency regime.
Apply the Dwyer power to failure model. Which time constant would you use
and what dimension would it represent?
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11.8. Assuming the SiGeC and SiGe HBT devices have a unit current gain cutoff
frequency values of f �T and fT, respectively, derive the breakdown condition
ratio.

11.9. Assuming the SiGeC and SiGe HBT device have a unity current gain cutoff
frequency values of f �T and fT, respectively, derive the breakdown ratio as a
function of the Johnson limit relationship.

11.10. Given that a power clamp trigger device is required which is greater than the
VDD of a power supply, but lower than the BVCEO of the high-frequency
SiGe HBT device, derive the inequality for the trigger condition.
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12 Nanostructures and ESD

In the bipolar technology, the dominant device has changed from the silicon bipolar
junction transistor to the silicon–germanium heterojunction bipolar transistor and is
presently, changing to the silicon–germanium–carbon HBT device. In CMOS technol-
ogy, planar MOSFETs dominate the bulk and silicon-on-insulator (SOI) technology.
Continued interest exists in extending the life of the MOSFET transistor by addressing
dual-gate SOI, and ultra-thin film SOI (UT-SOI) technologies. In the magnetic record-
ing industry, the thin-film giant magnetoresistive (GMR) device is the dominant device
with future interest in the tunneling magnetoresistive (TMR) device.

But the continued interest in the devices of the future has captured the imagination of
physicists, chemists, and engineers. As the structures are scaled to nanometer dimen-
sions, the interest in nanostructures, and quantum devices will continue. Nanostructures
have increased interest in the semiconductor industry as engineers anticipate obstacles
as the miniaturization of semiconductor devices.

In this chapter, we will first discuss the directions of MOSFETs from two-
dimensional MOSFET devices to the three-dimensional MOSFET trend [1–10]. We
will discuss the continued interest in narrow silicon pillars, where today’s focus is on the
FinFET device [6,8,9]. Second, a new direction in MOSFET structures is the strained
silicon MOSFETs. Strained silicon technology uses new materials to modify the silicon
lattice [11–27]. Third, we will discuss nanotubes [28–44]. A radical departure is taking place
from the traditional processing of semiconductor devices. Nanowire, nanotube, and nano-
belt research and development continues to make progress in understanding the material,
properties and devices of the future. What will be the electrostatic discharge sensitivity of
these devices? How will we protect them from static charge? What ESD devices can we
construct from these new devices in the future? Let’s take a look into the future.

12.1 FINFETS

With the continued struggle to scale MOSFET devices to the sub-tenth micrometer era,
semiconductor engineers have been pursuing new directions in MOSFETs [1–6]. To
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achieve both high density and high performance, the MOSFET is leaving the paradigm
of evolution in two dimensions and must address a new revolutionary move to the third
dimension. A potential evolutionary path for the MOSFET was a two-dimensional bulk
CMOS planar MOSFET device, to the two-dimensional single-gate (SG) silicon-
on-insulator (SOI) MOSFET, to the two-dimensional dual-gate (DG) SOI MOSFET
device. The dual-gate SOI MOSFET aims to provide a means to produce more current
for a given planar device. The problem with the DG SOI MOSFET is processing costs
and alignment of the second gate. For this reason, new directions have been taken
toward ‘surround’ gate or ‘wrap-around’ gate structures [1–5]. In 1986, Takahashi et al.
[1] proposed the surround gate transistor (SGT) device with the objective of achieving
a smaller transistor structure. D. Hisamoto et al. [2,3,5] proposed the fully depleted lean
channel transistor (DELTA) device which was a novel vertical ultra-thin SOI MOSFET
structure. This evolution has progressed toward a silicon pillar device with a wrap-
around gate in both bulk CMOS and in SOI technology. Tang et al. [8] developed
a quasi-planar double-gate device known as a ‘FinFET.’ Concepts of surround gates,
wrap-around gates and nonplanar dual gates were all different strategies on construct-
ing the nonplanar MOSFET in narrow width silicon pillars, leaving the wafer surface to
form the three-dimensional MOSFET structures. Figure 12.1 is an example of a
n-channel MOSFET FinFET structure.

In a FinFET structure [9], the key design parameters are the fin height H, fin
thickness Tsi, the effective channel length Leff, and the number of parallel fin structures
NFin. For analysis of the FinFET, we can define an effective channel length as

Leff ¼ Lpoly ��L

In a double-gated (DG) FinFET device, the contours merge, at

TSi ffi �2
"Si
"ox

Tox

and we can define an effective film thickness as

Teff ¼ TSi þ 2
"Si
"ox

Tox

n 

+

n 

+

P-Region
Under Gate

Figure 12.1 n-Channel Fin-FET
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It has been shown by Suzuki that a more accurate solution is [10]

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
Si þ 4

"Si
"ox

ToxTSi

r

The FinFET structure forms a parallelepiped surrounded by isolation material below
and above the conducting region, and the thermal sinks formed by the boundary
conditions. For evaluation of a parallelepiped in an infinite insulating medium let us
assume a source has the dimension of a FinFET width W¼Teff in the x-direction, and
Leff in the y-direction, and FinFET height H in the z-direction, but applying a parallel-
epiped displaced by a distance D below the boundary condition z¼ 0 and an image
source of equal and opposite strength above the z¼ 0 plane at z¼D.

Tðx; y; z; tÞ ¼ 1

8�cVð�Þ3=2

Zt0¼t

t0¼0

0 Pðt0Þdt0

½ðt� t0Þ�3=2
Fðx� x0; y� y0; z� z0; t� t0Þ

with

Fðx� x0; y� y0; z� z0; t� t0Þ ¼ Fxðx� x0 : t� t0ÞFyðy� y0; t� t0ÞFzðz� z0; t� t0Þ

where

Fxðx� x0; t� t0Þ ¼
Z W=2

�W=2

exp � ðx� x0Þ2
4�ðt� t0Þ

� �
dx0ffiffiffi
�

p

Fyðy� y0; t� t0Þ ¼
Z L=2

�L=2

exp � ðy� y0Þ2
4�ðt� t0Þ

� �
dy0ffiffiffi
�

p

Fzðz� z0; t� t0Þ ¼
Z �D

�ðDþHÞ
exp � ðz� z0Þ2

4�ðt� t0Þ

� �
dz0ffiffiffi
�

p þ
Z DþH

D

exp � ðz� z0Þ2
4�ðt� t0Þ

� �
dz0ffiffiffi
�

p

The integral can be expressed as an error functions by a transformation of variables.
The expression for temperature in an infinite medium can be put in the form

Tðx; y; z; tÞ ¼ 1

8C

Z t0¼t

t0¼0

Pðt0ÞHðx; y; z; t� t0Þdt0

where V¼LeffTeffH is the volume of a single FinFET region, and letting C¼ crV, we
can write the function containing the spatial dependence as the product of the error
functions

Hðx; y; z; t� t0Þ ¼ Hðz; t� t0Þ
Y
i¼x;y

erf
ðLxi=2Þ þ xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4�ðt� t0Þ
p

 !
þ erf

ðLxi=2Þ � xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !" #
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and

Hðz; t� t0Þ ¼ erf
zþDþHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !

þ erf
�D� zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !

þ erf
z�Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !"

þ erf
DþH � zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4�ðt� t0Þ

p
 !#

From this solution, assuming the FinFET is surrounded by insulating regions, the
solution for self-heating within the FinFET can be obtained.

In the case of a plurality of FinFETs in parallel, the method of images can be used in
the dimension of the FinFET widths (x-direction) where each are a thermal source. The
complete solution can be obtained by assuming a row of spaced thermal sources at a given
temperature.

For ESD phenomena, there are two issues. The first issue is how the current
distributes between multiple parallel FinFET devices. A second issue is the relative
width of a current constriction to the effective fin width and height. The first issue is
similar to any other parallel configuration in that the current distribution is a function
of the ballasting and matching between any two parallel elements during second break-
down. The second issue is the more interesting. Will the width of the FinFET be smaller
than the current constriction width, forcing the current to flow through multiple
elements? Will the full width of the FinFET be utilized during an ESD event having
the ‘effective width’ during an ESD event equal to the FinFET equivalent width
(Weff¼ 2H)? Will the constriction fill the full width of the device Teff? Hence the
volumetric nature of the current constriction and relative scale length compared with
the dimension fin height H, and fin width Teff will be of interest.

From our earlier analysis of current constriction in planar MOSFETs we can
anticipate that the relationship may have a one-to-one equivalency of planar MOSFET
width to the fin height, of N parallel FinFETs, assuming that there is conduction in
some number M where M is equal to or less than N

Weff ’
Xi¼N

i¼1

ð2HeffÞi ¼
Xi¼N

i¼1

ðImÞi
Z T

Tmax

dT
4�Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax

�ðT 0ÞKðT 0ÞdT 0
n or

2
664

3
775

When the fin height and width are of the same order of magnitude, it is possible that
the arithmetic mean may serve as a better metric, where the Heff, and the Teff are the
ESD effective widths based on the percentage of the fin height and the electrical effective
FinFET width.

Weff ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HeffTeff

p
¼
Xi¼N

i¼1

ðImÞi
Z T

Tmax

dT
4�Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
R T
Tmax
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n or

2
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3
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For functional devices or ESD applications, the n-channel device is made into a
plurality of parallel elements. Figure 12.2 is an example of parallel FinFET structures.

For ESD applications, the two-dimensional polysilicon-bound gated diode structure
can be extended into a CMOS FinFET technology. This can be constructed by forming
the anode, using the p-channel FinFET process, and the cathode, using the n-channel
FinFET process. The mask is placed over the FinFET gate to form this pþ/nþ Fin diode
(Figure 12.3).

n+

n+

n+

n+

Figure 12.2 n-Channel FinFET parallel elements

p+

n+

Gate
Structure

Figure 12.3 pþ/nþ Fin diode

p+

p+

n+

n+

Figure 12.4 Fin diode parallel elements
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To provide ESD protection, the ESD structure will be required to be formed in a
plurality of elements in parallel. Figures 12.4 and 12.5 show the elements in parallel and
series configurations.

Mapping bulk CMOS techniques into a FinFET technology can be realized by
forming resistor ballasted FinFET elements. Figure 12.6 shows an example on how a
FinFET can add a resistor element, using a gate structure in series with the source or
drain structure.

12.2 STRAINED SILICON DEVICES AND ESD

Strained devices are used for future applications to provide improvement in the speed of
bipolar and MOSFET transistors [11–23]. Strain changes the band structure of a
material, leading to changes in the bandgap, the impact ionization, resistance and
mobility. These will influence both the low-current and high-current characteristics of
a device. As a result, the response of a strained device to an electrostatic discharge event
will differ from the standard unstrained material response. The fractional change of
resistance due to mechanical stress can be expressed as the sum over all the indices of the
piezoresistance tensor and the stress tensor [11]

p+

p+

n+

n+

Figure 12.5 Fin diode series elements

Poly

n+

n+

n+
n+

n+

n-Channel
Region
(resistor)

FET

Figure 12.6 Resistor-ballasted FinFeT structure
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��!

�
¼
X�¼6

�¼1

�!�X�

For cubic symmetry, the piezoresistance tensor is expressed as

�!� ¼

�11 �12 �12 0 0 0

�12 �11 �12 0 0 0

�12 �12 �11 0 0 0

0 0 0 �44 0 0

0 0 0 0 �44 0

0 0 0 0 0 �44

2
666666664

3
777777775

Conductivity can be expressed as a tensor where the conductivity is the sum of the
carriers near the band extremum

��� ¼
X

i
�i��

and

��!
�

¼
X�¼6

�¼1

�!�X�

From solid state physics, we can relate the conductivity of an extremum to the
integral of the derivative of the Fermi distribution, the relaxation time tensor, and the
group velocity of the carriers

�i�� ¼ �q2
Z

@f

@E
� i��	

i
�	

i
� dK

As the strain of a material increases, the conductivity is modulated by the changes in
the group velocity of carriers, and the relaxation time tensor. The relaxation time tensor
can be assumed to be isotropic and a function of energy only. As strain modifies the
conductivity and the resistivity, the current and voltage characteristics of the device
change.

f0 ¼
1

1þ exp
Ei � EF

kT

� �

�	i� ¼ 1

�h

@Ei

@K�
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The relaxation time can be simplified by having it a function of energy only, and
simplified to the form

��i ¼
@ �i
@E

�Ei

� ¼ �0E
s

In this form, it can be shown that the conductivity can be expressed as the ratio of the
derivative of the Fermi integral over the Fermi integral evaluated as a function of EF/kT
(F(EF/kT ))

��

�
’ 1

kT

1

sþ 3

2

� � F
0

ðsþ1=2Þ
Fðsþ1=2Þ

" #

The piezoresistance coefficient P(N,T ) is a function of both doping concentration
and temperature. This can be expressed as

PðN;TÞ ¼ 300

T

F
0

ðsþ1=2Þ
Fðsþ1=2Þ

" #

where

�ðN;TÞ ¼ PðN;TÞ�ð300KÞ

Of interest to the ESD protection, as the strained material temperature increases, the
piezoresistance coefficient P(N,T) varies according to the above relationship. The
change of conductivity is related to the strain in the material. This can be obtained
from evaluation of the conductivity of each ellipsoid, and evaluation of the change in
the number of electron carriers in that ellipsoid. The assumption is the mobility in the
ellipsoid is not a function of the stress [11]

��i ¼ q
i�ni

where

�ni

ni
¼ 1

kT
�Ei ��EF

� �

�EF ¼ 1

	

X
i

�Ei

The change in the energy levels of the individual ellipsoid can be related to the strain
tensor, and the associated shift in the band structure. For ESD events, the strain can be
the initial mechanical strain from the lattice strain as well as the thermal strain from self-
heating. From stress–strain theory, if the material is Hookean, in a linear region linear
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superposition applies and the total strain is the sum of the initial strain at room tempera-
ture and the thermal strain. During an ESD event, the initial strain and the thermal strain
must be addressed to anticipate the total response of the strained semiconductor device.

With the associated strain in the lattice structure, other physical parameters also are
modified. As the bandgap is modified, the electron impact ionization rate is also
modified. As discussed in Chapter 1, as carriers are accelerated in a medium, energy is
transferred from the electric field to the carriers. As the electric field increases, carriers
approach a limiting drift velocity, and further increases lead to thermal vibrations. As
carriers are accelerated, there is a competition between energy transmitted to the
electron and energy transmitted to the lattice. The probability of ionizing a carrier
can be expressed as

e�f"i=qElrg

where the probability is a function of the ionization threshold, the energy of the carrier,
and mean free path of optical phonon scattering. Above the threshold for ionization,
the energy balance is

qE ¼ �i"i þ �r"r

where the LHS is the energy of the carrier, and the RHS is the energy transfer to impact
ionization and the energy transfer to optical phonon generation. The impact ionization
coefficient is the number of ionizing events divided by distance. From this we can
establish a relationship of the probability that impact ionization can occur compared
with phonon generation, when the energy of the carrier is above the impact ionization
energy. The electron impact ionization rate can be expressed as a function of an
ionization rate factor an0, the mean free path, and the electric field in the direction of
the current flow (e.g. ith direction).

�n ¼ �n0 exp �EgðTÞ
q�nEi

n

� �

The mean free path in the direction of interest is related to the energy relaxation time
in that same direction.

Strain can be introduced by introduction of a mechanical force, or by placement of
atoms which do not naturally fit into the silicon lattice. For example, as discussed in the
chapter on silicon–germanium, germanium modulates the bandgap and band structure.
With a position-dependent Ge concentration (e.g. x-direction), the intrinsic carrier
concentration can be expressed as

n2i ðxÞ ¼ �n2i0 e
�EðxÞ=kT

and

�EgðxÞ ¼ �Eapp
g;b þ�Eg;GeðgradeÞðx=WbkTÞ þ�E

ð0Þ
g;Ge
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where DEg(x) is the position-dependent bandgap; �Eapp
g,b is the heavy doping-induced

apparent bandgap narrowing; and DEg,Ge (grade) is the difference between the band
bending at the base–collector junction; DEg(x¼Wb), and the band bending at the base–
emitter junction, DEg (x¼ 0). The effective density of states ratio of SiGe and Si is
expressed as

� ¼ ðNCNVÞSiGe=ðNCNVÞSi

The bandgap energy of strained silicon (Eg,SS) can be expressed as [26,27]

Eg;SS ¼ 1:08� 0:4x

where x is the Ge mole fraction in the Si1�x Gex region. The changes in the drain
current, temperature-dependent carrier mobility, and bandgap all play a role in the
response as the structure undergoes self-heating during an ESD event. From our results,
the energy relaxation time will increase with increased strain (e.g. increased mole
fraction of germanium) at higher temperatures. Choi et al. noted that as a result of
the change in the impact ionization rate (e.g. changes in the directional components), the
avalanche breakdown will differ in a strained Si MOSFET. During an ESD event, the
parasitic bipolar transistor will turn on at a lower trigger voltage, allowing for a low-
voltage first and second trigger condition [27]. Hence, the introduction of strain, either
mechanically or introduction of Ge into a Si lattice leads to modulation of the high-
current characteristic of a strained Si MOSFET device compared to unstrained Si
MOSFET devices. This will have an influence on the ESD robustness as strained silicon
devices are used in semiconductor products.

12.3 NANOTUBES AND ESD

Nanotubes and nanostructures are of growing interest with materials scientists, and
engineerings [28–44]. The use of nanotubes as electronic components opens the question
of the ESD nature of these elements. What will be the ESD sensitivity of nanotubes?
Will we need to protect them from static charge? What ESD devices can we construct
from nanotube structure, in the future? A nanowire (NW) of considerable interest is the
carbon nanotube (CNT). Carbon nanotubes are cylindrical strands of carbon which
conduct current along the axis of the cylinder. Carbon nanotubes can be classified
as single-wall nanotubes (SWNT) and multi-wall nanotubes (MWNT) devices. The elec-
trical nature of the nanotubes can be metallic or semiconductor [28–32]. Figure 12.7 is
an example of a carbon nanotube.

Resistors, diodes, bipolar transistors and field effect transistors can be constructed
from nanowires by physically crossing nanowires, which allows conduction between the
two NW elements [29]. By placing two nanotubes in a crossed configuration, a resistor
can be formed between two n-type or two p-type nanotubes. This forms an nn resistor,
and a pp resistor element. A cross-wired nn or pp resistor element (Figure 12.8) have
a linear I–V characteristic at low currents.

By crossing a p- and an n-type NW, a pn NW diode structure can be formed
(Figure 12.9). In a forward-bias mode of operation, current flows from the p-NW to

384 NANOSTRUCTURES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH012.3D – 385 – [375–392/18] 6.8.2004 10:25AM

the n-NW at the location where the two nanowires intersect. Nanowire bipolar transis-
tors have been constructed by the coupling of two pn NW diode elements. A NW npn
transistor can be constructed by using a p-type NW which crosses two n-type NW
elements. In the same fashion as the nanowire diode structure, two intersections are
present, which allows the current to flow from one nanowire to the second.

The nanowire field effect transistor (NW-FET) is formed by the crossing of two
nanowires (Figure 12.11). The crossed NW FET (cNW-FET) is also formed by crossing
two nanowires. At least one of the nanowires has an oxide coating. Using one nanowire
as the source-to-drain wire, current is conducted along the nanowire to establish the
source-to-drain current flow. The second nanowire crosses the first nanowire. By bias-
ing the second nanowire, a gating action occurs, preventing conduction from the source-
to-drain regions along the first nanowire. From these cross-over structures, future
electronic devices will be constructed [29].

To understand the current and voltage characteristics of the nanostructures, we can
evaluate a system assuming a two-dimensional quantum well in an x- and y-direction
with a zero potential for 0< x<Lx, and 0< y<Ly, and infinite outside of this region.

Figure 12.7 Carbon nanotubes (CNT)

n-Type n-Type

Figure 12.8 Crossed nanowire nn junction

p-Type n-Type

Figure 12.9 Crossed nanowire pn junction
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From quantum mechanics, the confinement of the electron to this region leads to an
energy spectrum of form

E ¼ Ex;y þ
�h2k2z
2m

and

Ex;y ¼
�h2

2m

nx�

Lx

� �2

þ ny�

Ly

� �2
" #

where nx and ny are integers. For quantum wires, we can assume that the device length is
much greater than the width. Letting Ly << Lx, we can assume for the y-direction that
the electron is in the lowest energy state, and the only state is ny¼ 1. The energy
spectrum reduces to the case of

E ¼ �h2

2m

nx�

Lx

� �2

þ �

Ly

� �2
" #

þ �h2k2z
2m

The electrical current for the two-dimensional system is [29]

I ¼ q
X

nx
vnxðEFÞDnxðEFÞ�


where vnx(EF) is the Fermi velocity of electrons in the band nx, Dnx(EF) is the density of
states function at the Fermi energy, and q is the electron charge, and Dm is the electro-
chemical potential between the two electrical connections on the left- and right-hand

Insulator

Figure 12.10 Carbon nanowire with insulator

Insulator

CNT

Figure 12.11 Carbon nanowire field effect transistor
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side. The summation of the sub-bands is restricted to the energy levels between the
Fermi level and the sum of the Fermi level and the electro-chemical potential.

For one-dimensional systems, the product of the Fermi velocity and density of states
function can be reduced to

vðEÞ ¼

ffiffiffiffiffiffiffiffiffiffi
2
ffiffiffiffi
E

p

m

s

and

DðEÞ ¼
ffiffiffiffiffiffiffiffiffiffi
2m

h
ffiffiffiffi
E

p
s

The current equation can then be simplified and expressed as step functions asso-
ciated with the energy levels [43]

I ¼ 2q

h
�


X
nx

HðE � EnxÞHðEnx � EFÞ

where

E ¼ EF þ�


which can be expressed as

I ¼ 2q

h
�
NC

NC ¼
X
nx

HðE � EnxÞHðEnx � EFÞ

where NC is the total number of propagating channels. The conductance can be solved
for by dividing by the external bias potential. The external bias potential is related to the
electrochemical potential as Dm¼ qV. We can express the conductance as [44]

G ¼ I

V
¼ 2q2

h
NC ¼ G0NC

where the quantum conductance can be expressed as

G0 ¼
2q2

h

This expression assumes no scattering. Hence, it is apparent that this formalism can
be extended assuming a transmission probability T which we will express as

G ¼ 2q2

h
T
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Buttiker [44] extended the development to include the contact resistance effects. As in
transmission line theory, the boundary conditions influence the transmission and reflec-
tion characteristics, in quantum devices, the quantum mismatch of the wavefunctions at
the boundaries of the quantum wire nano-structure influence the resistance of the
structure.

The Buttiker–Landauer formulation [43,44] includes the multi-probe case addressing
the two transmission characteristics at the boundaries, and the nonlinear current–
voltage relationship. The current–voltage characteristic can be expressed as

I ¼ 2q2

h

Z �2

�1

dETðE;VÞ½ flðEÞ � frðEÞ�

where the transmission coefficient is a function of the energy and bias voltage, and the
last term is the difference between the Fermi distribution function at the left- and right-
hand side of the device at the contacts (e.g. the reservoirs of electrons).

The conductance of the nanowire structures is a function of the number of parallel
conductance paths that exist in the nanostructure. Collins et al. [30] showed that the
nanowire I–V characteristic is a function of the number of cylindrical concentric shells.
In a carbon multi-wire nanotube (MWNT) device, the total conductance is a step-wise
conductance. The conductance of these MWNT devices can be engineered using
electrical breakdown. As the electrical breakdown is achieved, the total current is
reduced in quantized steps leading to a reduced current magnitude. From the current
magnitude, the number of cylindrical concentric shells in the carbon MWNT bundle can
be determined.

The work of Collins et al. [30,31] showed that electromigration does not occur in the
carbon MWNT, but instead the step-wise conductance is evident. The carbon MWNT
structures have current carrying capability of 10 mA/nm2. When the current level
is exceeded, the carbon MWNT structure has an electrical breakdown leading to the
step-wise current conductance.

From an ESD perspective, the nature of the MWNT leads to interesting new ESD
devices, and failure criteria. For example, the current carrying capability and design
of ESD networks will be determined by the number of shells needed to carry a given
current magnitude. ESD design will consist of using crossed structures such as
crossed nn resistors, crossed pn and other elements discussed in parallel or series
configurations.

From an ESD failure viewpoint, the failure will be determined by the change in the
physical structure shell number or total current carrying capability. Given a circuit with
an n-shell MWNT structure, when electrical overstress is evident, there will be a step-
wise reduction in the current conductance. Dependent on the current specification
bounds of a given circuit, the failure criteria will be classified from the evidence of the
number of shells that still exist or the reduction of the conductance.

As these new nanostructures replace present-day elements, ESD and the elements
sensitivity to ESD will be a subject of considerable interest as a result of the unique
current and voltage characteristics in the single and multi-walled nanotubes. These new
structures will influence ESD design, circuits, and failure criteria.
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12.4 THE FUTURE

Electrostatic phenomena have been a curiosity from early times. Approximately two
millennia and six hundred years have past since the first awareness of electrostatic
attraction by Thales of Miletus. With the growth and miniaturization of electronics,
the necessity of electrostatic phenomena and understanding in nanoelectronics and
nanostructures, will increase. Although we can synthesize new materials and build
new processes, will we be able to construct nanostructures and make them reliable
and insensitive to electrostatic phenomenon? Where are we going in the future? Hope-
fully, this text has opened the door to a higher understanding in this expanding field for
the future, and will be a new beginning for this millennium.

PROBLEMS

12.1. Derive the number of parallel FinFETs needed to achieve a 2 kV HBM protec-
tion level assuming a current level of 1.2 A.

12.2. Derive the number of layers a carbon nanotube must have in order to discharge
1 A of current.

12.3. Demonstrate an ESD protection strategy using pn cross-wiring for a carbon
nanotube FET.

REFERENCES

1. H. Takahashi, K. Sunouchi, N. Okabe, A. Nitayama, S. Hieda, P. Horiguchi and F.Masuaoka.

High performance CMOS surrounding gate transistor (SGT) for ultra high density LSI.

International Electron Device Meeting (IEDM) Technical Digest, 1986; 222–225.

2. D. Hisamoto, T. Kaga, Y. Kawamoto and E. Takeda. A fully depleted lean-channel transistor

(DELTA)—a novel vertical ultra-thin SOI MOSFET. International Electron Device Meeting

(IEDM) Technical Digest, 1989; 833–836.

3. D. Hisamoto et al. Impact of the vertical SOI DELTA structure on planar device technology.

IEEE Transaction on Electron Devices, 1991; ED-38(6): 1419–1424.

4. C. P. Auth and J. D. Plummer. Vertical fully-depleted surrounding gate MOSFETs on sub-

0.1mm thick silicon pillars. Device Research Conference (DRC) Technical Digest, 1996.

5. D. Hisamoto, W. C. Lee, J. Kedzierski, E. Anderson, H. Takeuchi, K. Asano, T. King,

J. Bokor and C. Hu. A folded channel MOSFET for deep sub-tenth micron era. International

Electron Device Meeting (IEDM) Technical Digest, 1998; 1032–1035.

6. X. Huang, W. C. Lee, C. Kuo, D. Hisamoto, L. Chang, J. Kedzierski, E. Anderson,

H. Takeuchi, Y. K. Choi, K. Asano, V. Subramanian, T. King, J. Bokor and C. Hu. Sub

50-nm FinFET: PMOS. International Electron Device Meeting (IEDM) Technical Digest

1999.

7. Y. K. Choi et al. Ultra-thin body SOI MOSFETs for deep sub-tenth micron era. IEEE Electron

Device Letters, 21(5): 2000.

8. S. Tang, L. Chang, N. Lindert, Y. K. Choi, W. C. Lee, X. Huang, V. Subramanian, J. Bokor,

T. King and C. Hu. FINFET—a quasi-planar double-gate MOSFET. Proceedings of the

International Solid State Circuits Conference (ISSCC), 2001; 118–119.

389REFERENCES



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH012.3D – 390 – [375–392/18] 6.8.2004 10:25AM

9. J. Kedzierski et al. High performance symmetric-gate and CMOS compatible Vt asymmetric

gate FinFET devices. International Electron Device Meeting (IEDM) Technical Digest, 2002;

437–440.

10. K. Suzuki et al. IEEE Transactions on Electron Devices, 1996; ED-43(7): 1166.

11. Y. Kanda. A graphical representation of piezoresistance coefficients in silicon. IEEE Trans-

action on Electron Devices, 1982; ED-29(1): 64–71.

12. J. L. Egley and D. Chidambarrao. Strain effects on device characteristics: implementation in

drift-diffusion simulators. Solid Sate Electronics 1993; 36(12): 1653–1664.

13. Akemi Hamada et al. A new Aspect of mechanical stress effects in scaled MOS devices. IEEE

Transactions on Electron Devices 1991; ED-38(4): 895–900.

14. Shinya Ito et al. Mechanical stress effect of etch-stop nitride and its impact on deep submicron

transisitor design. International Electron Device Meeting (IEDM) Technical Digest, 2000;

247–250.

15. F. Ootsuka et al. A highly dense, high-performance 130 nm node CMOS technology for large-

scale system-on-a-chip applications. Proceedings of the International Electron Device Meeting

(IEDM) Technical Digest, 2000; 575–578.

16. A. Shimizu et al. Local mechanical-stress control (LMC): a new technique for CMOS-

performance enhancement. Proceedings of the International Electron Device Meeting (IEDM)

Technical Digest, 2000.

17. A. Steegen et al. Silicide-induced pattern density and orientation dependent transconductance

in MOS transistors. Proceedings of the International Electron Device Meeting (IEDM) Tech-

nical Digest, 1999; 497–500.

18. H. Rueda et al. Mechanical stress characterization of shallow trench isolation by Kelvin

probe force microscopy. Materials Research Society Symposium Proceedings, 1999; 568, 245.

19. G. Scott et al. NMOS drive current reduction caused by transistor layout and trench isolation

induced stress. Proceedings of the International Electron Device Meeting (IEDM) Technical

Digest, 1999; 827–830.

20. T. Hook et al. The dependence of channel length on channel width in narrow-channel CMOS

devices for 0.35–0.13 mm technologies. IEEE Electron Device Letters 2000; 21(2): 85–87.

21. J. Thurn and R. F. Cook. Stress hysteresis during thermal cycle of plasma-enhanced chemical

vapor deposited silicon oxide films. Journal Applied Physics, 2002; 91(4): 1988–1992.

22. T. Ohzone et al. Electrical characteristics of 0�/þ/�45�/90� orientation CMOSFET with

source/drain fabricated by various ion-implantation methods. Proceedings of the IEEE

International Conference on Microelectronic Test Structures (ICMTS), 1998; 11: 133–138.

23. M. Mayer et al. Complete set of piezo-resistive coefficients of CMOS n(þ)-diffusion. Journal

of Micromechanics Microengineering, 1998; 8, 158–160.

24. R. C. Jaeger et al. CMOS stress sensor circuits using piezo-resistive field effect transistors

(PIFETs). Symposium on VLSI Circuits Digest of Technical Papers, 8–10 June 1995; 4344.

25. A. P. Dorey and T. S. Maddern. The effect of strain on MOS transistors. Solid State

Electronics, 1969; 12(4): 185–189.

26. K. Rim, J. L. Hoyt and J. F. Gibboms. Fabrication and analysis of deep submicron strained

Si n-MOSFETs. IEEE Transactions on Electron Devices 2000; ED-47: 1406–1415.

27. C. H. Choi, J. H. Chun and R. Dutton. Electro-thermal characteristics of strained Si

MOSFETs in high current operation. IEEE Transactions on Electron Devices 2004.

28. M. Dresselhaus, G. Dresselhaus and P. Avouris. Carbon Nanotubes: Synthesis, Structure

Properties, and Applications. Berlin: Springer, 2001.

29. Z. L. Wang. Nanowires and Nanobelts: Materials, Properties and Devices, Vol 1: Metal and

Semiconductor Nanowires. Dordrecht: Kluwer, 2003.

30. P. G. Collins, M. S. Arnold and P. Avouris. Engineering carbon nanotubes and nanotube

circuits using electrical breakdown. Science, 2001; 292: 706.

390 NANOSTRUCTURES AND ESD



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/CH012.3D – 391 – [375–392/18] 6.8.2004 10:25AM

31. P. G. Collins, M. Hersam, M. Arnold, R. Martel and P. Avouris. Current saturation and

electrical breakdown in multi-walled carbon nanotubes. Physical Review Letters 2001; 86(14):

3128.

32. A. Rochefort, M. Di Ventra and P. Avouris. Switching behavior of semiconductor carbon

nanotubes under an external electric field. Applied Physics Letters 2001; 78(17): 2521.

33. K. Liu, P. Avouris, R. Martel and W. K. Hsu. Electrical transport in doped multi-walled

carbon nanotubes. Physical Review B 2001; 63.

34. U. Landmann, R. Barnett, A. G. Scherbakov and P. Avouris. Metal–semiconductor nano-

contacts: silicon nanowires. Physical Review Letters 2001; 85(9): 1958.

35. A. Rochefort, P. Avouris, F. Lesage and D. Salahub. Electrical and mechanical properties of

distorted carbon nanotubes. Physical Review B, November 1999.

36. H. Stahl. J. Appenzeller, R. Martel, P. Avouris and B. Lengeler. Intertube coupling in ropes

of single wall carbon nanotubes. Physical Review Letters 2000; 85(26): 5186.

37. H. R. Shea, R. Martel and P. Avouris. Electrical transport in rings of single wall nanotubes:

one-dimensional localization. Physical Review Letters, 2000; 84(19): 4441.

38. N. Lang and P. Avouris. Electrical conductance of parallel atomic wires. Physical Review B

2000; 62(11): 7235.

39. A. Rochefort and P. Avouris. Electron interference effects on the conductance of doped

carbon nanotubes. Journal of Physical Chemistry 2000; 104(44).

40. A. Rochefort, D. R. Salahub and P. Avouris. Effects of finite length on the electronic

structure of carbon nanotubes. Journal of Physical Chemistry B 1999; 103, 641–646.

41. R. Martel, H. R. Shea and P. Avouris. Rings of single walled carbon nanotubes.Nature, 1999;

398: 299.

42. R. Martel, T. Schmidt, H. R. Shea, T. Hertel and P. Avouris. Single- and multi-wall carbon

nanotube field effect transistors. Applied Physics Letters 1998; 73, 2447.

43. R. Landauer. Spatial variation of currents and fields in localized scatters in metallic conduc-

tion. IBM Journal of Research and Development 1957; 1: 223–231.

44. M. Buttiker. IBM Journal of Research and Development 1988; 32: 317.

391REFERENCES



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 393 – [393–402/10] 6.8.2004 10:25AM

Index

Air Breakdown 30, 31–33

peak currents 30–31

rise times 31–33

Arkihpov Astvatsaturyan Godovosyn

Rudenko (AAGR) model 66

Ash Model 75

Auger Recombination 96, 168, 195

Avalanche Breakdown 25, 112, 120, 122,

125, 126, 132, 192, 206, 261, 348,

358, 384

Paschen’s Breakdown Theory 23

Banerjee Model 244, 302

Bipolar transistors

avalanche multiplication 102–103, 120,

122, 125–126, 170, 189, 192, 194, 224,

260, 346–348, 363

current gain-second breakdown

metric 351

device equation 336

device physics 83, 104, 122, 203,

344, 360

Gummel plot 344, 366–368

heterojunction 104, 235, 339, 340–342,

344–347, 353, 360

homo junction 235, 339, 344, 350–352

Kirk effect 80, 105, 106, 169, 195, 340

Kroemer–Moll–Ross relationship

345, 352

Johnson Limit condition 108

non-self aligned (NSA) bipolar

transistor 342, 354

parasitic bipolar transistors 80, 104,

122–123, 127, 175, 180, 189, 384

self-aligned (SA) bipolar transistor 205,

234, 238, 342, 354, 355

silicon germanium bipolar transistor 75,

77, 340, 350

silicon–germanium–carbon bipolar

transistor 336, 339, 360–365

Boltzmann transformation 37, 52–53, 75

Charged cable model 7

Charged cassette model 7

Charged device model (CDM) 6, 24, 27,

87, 249, 263

Cable discharge event (CDE) model 7

Charge relaxation time 13–14, 107,

156–157

Constant ESD scaling theory 306

Contacts

Tungsten (W) studs 217, 278, 280,

288–289, 341

Copper interconnects

copper ESD measurements 241–242,

290

copper interconnect electrothermal

model 271, 280–288

copper via electrothermal model

285, 289

ESD: Physics and Devices Steven H. Voldman

� 2004 John Wiley & Sons, Ltd ISBN: 0-470-84753-0



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 394 – [393–402/10] 6.8.2004 10:25AM

Copper interconnects and low-K inter-level

dielectrics 47, 267, 271–272, 289–296,

303, 306, 311

Current constriction 19, 21–22, 56–57, 80,

128–129, 170, 238, 322, 378

Dawson integral 81

Deep trench

ESD structures 139, 171, 173, 198, 207,

213, 219, 221, 224, 245, 249, 312, 320,

322, 327–330, 233–235, 380

guard ring structures 152, 203, 221–222

latchup 94, 96, 104, 109–110, 113–114,

139, 149, 151, 158, 168–170, 173–174,

177–179, 188, 194, 199, 203, 221–222,

224, 312

Dielectrics

charge to breakdown 254, 256,

259–261, 263

critical dielectric thickness 260

Fong and Hu model 131, 249, 250–252,

254, 267

Lin model 253–256, 267

transient pulse dielectric model 263–265,

267

ultra-thin oxides 265–267

Diodes

diode equation 87, 90–91, 320, 335

high current conduction 346

leakage mechanisms 87, 92, 344

series resistance 35, 72, 80, 90, 149–151,

169, 171, 177, 181, 183, 189, 196, 198,

230, 233–235, 239, 320–321, 323, 325,

342, 354–356

self-heating 12, 19, 90–91, 99, 102, 122,

177, 183, 190, 192, 214, 225, 229,

236–239, 244, 277, 288, 304–305, 316,

321, 344, 349, 359, 378, 384

Drain engineering

abrupt junctions 210, 229, 231,

320, 324

extension implants 233, 322–323,

326–327

halo implants 324, 325

low doped drains 229, 231

Dufay 2, 3

Duhamel’s Formulation 54, 68

Dwyer Franklin and Campbell Model

66–67

Dynamic threshold MOSFET (DTMOS)

SOI ESD device 188, 331, 336–337

Electrical instability 15, 33, 110, 169

Electric field enhanced leakage mechanisms

avalanche generation 124, 127, 189

band-to-band tunneling 80, 99, 100,

102, 132, 344

Frenkel–Poole effect 98–99, 132, 344

trap-to-band tunneling 132, 344

Electroquasistatic (EQS) assumption

13–15, 47, 83

Electrostatic time constants 4–5, 10,

14–15, 107, 185, 254, 262, 350, 359

Electrothermal instability 16, 33, 73

Electrothermal methods of analysis 37–80

Boltzmann transformation 37, 52–53, 75

flux potential transfer relations matrix

methodology 37, 47–48, 139

Green’s function 37, 41, 67, 69, 139–140,

162, 164, 311, 313

Green’s function for infinite medium 33,

37, 39, 40, 41–42, 56, 75, 140–141,

314, 377

heat conduction equation with variable

conductivity 42–44, 52, 54, 154

integral transforms of the heat

conduction equation 42

Kirchoff transformation 37, 51

method of images 37, 40–42, 140,

313, 378

Electrothermal models

Arkihpov–Astvatsaturyan–Godovosyn–

Rudenko model 66

Ash model 75

Banerjee model 244, 302

Dwyer Franklin and Campbell

model 66, 67

Greve model 72

Maloney model 177, 183, 185

negative differential resistance

model 73–75

Pierce–Mason model 78, 79, 80, 363

Smith–Littau model 37, 63–65, 247, 271

Tasca model 33, 37, 54, 56–57,

237, 271

Voldman model 98, 169, 211, 223, 244,

245, 302, 303

Vlasov–Sinkevitch model 37, 66

Wunsch–Bell model 37, 50, 52, 59, 60,

75, 77, 79, 80–81, 109, 199, 246, 271,

284, 292, 315, 337, 348–351, 359, 369

Electromigration 271, 300, 302, 388

ESD scaling theory 187, 306

394 INDEX



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 395 – [393–402/10] 6.8.2004 10:25AM

Faraday, Michael 3

FINFETs 369, 375, 378, 389

Flux potential transfer relations matrix

methodology 47

Fong and Hu model 131, 249, 250–252,

254, 267

Fowler–Nordheim 99, 100, 251

Franklin, Benjamin 3, 66–67

Frenkel–Poole effect 98, 99, 132, 344

Future technologies

MOSFETs 80, 83, 98, 131, 132, 139,

151, 170, 188, 206, 232, 312–313, 319,

331, 375, 378

surround gate MOSFET 376

double gate MOSFET 376

FINFETs 369, 375, 378, 389

strained devices 380

carbon nanotubes 375, 384–385, 388–389

Gray, Stephen 2

Greve model 72

Guard ring structures 152, 169–171, 203,

209, 218, 220–223

Hartke model 99

Human body model (HBM) 3, 5, 6, 35, 87,

169, 196, 249, 262, 263, 303

Instability

electrical instability 15, 33, 110, 169

electrothermal instability 16, 73

spatial instability and current

constriction 19

Interconnects and ESD

aluminum interconnects 267, 272–273,

277, 284, 287, 290, 300, 305,

324–326, 341

electrothermal model 56, 271, 313, 316

ESDmeasurements 241–242, 290, 347, 362

copper interconnects 267, 271, 280–281,

290, 298, 300, 303, 327

copper interconnect electrothermal

model 271, 280–288

copper via electrothermal model

285, 289

copper ESD measurement 241–242, 290

copper/low-K ESD electrothermal

model 267, 271–272, 290–296, 303,

306, 311

interconnect polishing stops and

electrothermal models 293

electro-migration 271, 300, 302, 388

fill shapes and electrothermal

models 271, 298–300, 306

film stress 290, 300

interconnects mechanical thermal stress

304–305

low-K materials 47, 289, 290,

296, 311

voids 271, 303

Jonscher model 99

Johnson Limit 80–81, 107–109, 196,

369–370

Kane–Price–Keldysh (KPK) model 101

Kirchoff transformation 37, 51

Kirk effect 80, 105, 106, 169, 195, 340

Kroemer–Moll–Ross relationship

345, 352

Latchup 94, 96, 104, 109–110, 113–114,

139, 149, 151, 158, 168–170, 173–174,

177–179, 188, 194, 199, 203, 221–222,

224, 312

Leakage mechanisms

auger recombination 96, 168, 195

avalanche generation 124, 127, 189

band-to-band tunneling 80, 99, 100,

102, 132, 344

Frenkel–Poole Effect 98–99, 132, 344

Shockley–Read–Hall (SRH)

generation 92, 96, 132, 195, 344

trap-to-band tunneling 132

Lin model 253–254, 267

LOCOS isolation

LOCOS-defined ESD structure 162,

176–177, 198–199, 203–205, 207–217,

225, 241, 340

n+/substrate diode 207–209, 213

n-well to substrate diode 87, 169, 190,

217, 225, 326

n-well to n-well lateral bipolar 209, 213,

218–219

n+ to n-well lateral bipolar 220

p+/n-well Diode 199, 207, 213

p+ to p+ lateral PNP bipolar 182, 196,

210, 220, 224

thick oxide MOSFET 210

Low-K materials

copper interconnects 267, 271, 280–281,

290, 298, 300, 303, 327

395INDEX



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 396 – [393–402/10] 6.8.2004 10:25AM

Machine model 6, 7, 24, 196, 249,

262–263, 303

Magnetic diffusion time 13–14

Magnetoquasistatic (MQS)

assumption 13–15, 23, 48

Magnetostatic time constants 13–14

Maxwell, James Clerk 3, 13–14, 48

Mesoplasmas 33

Microplasmas 33

MOSFET

avalanche breakdown and

snapback 125

current constriction model 128

dielectric breakdown 130, 249–250,

252–254, 260

gate-induced drain leakage (GIDL) 80,

98, 102

high current device physics 104, 122

MOSFET instability 128

parasitic bipolar equation 122

Paschen’s breakdown theory 23

Pierce and Mason model 78–79, 363

Polysilicon-defined ESD diode 319

Recombination and generation

mechanisms 92

Auger recombination 96, 168, 195

Frenkel–Poole effect 98–99, 132, 344

Shockley–Hall–Read (SHR)

recombination 92, 96, 132, 195, 344

Resistors

ballast resistors 190

high current device physics 104, 122

linear and saturation resistance 120,

193–194

model 145

velocity saturation 80, 107, 120–121,

191–193, 196, 343, 354

Retrograde wells

retrograde well substrate

modulation 182

retrograde well and ESD scaling

185–188

Salicide

cobalt salicide 225, 245–246,

326, 334

molybdenum 225, 239, 243–244

titanium salicide 238, 243, 245, 247

Salicide transformation 239, 241, 243

Second breakdown 19, 33, 122, 129, 130,

131, 170, 189

Shallow trench isolation 91–92, 120, 162,

171, 191, 194, 198, 203–204, 208,

211–212, 224, 235, 242, 244, 313,

319, 334, 340–342, 359–360

Shallow trench isolation pull-down 212

Shallow trench isolation ESD devices

p+/n-well diode 199, 207, 213

n+ to substrate diode 209

n-well to substrate diode 87, 169, 190,

217, 225, 326

n-well to n-well lateral bipolar 207, 209,

213, 218, 219

p+ to p+ lateral STI bipolar 220

Shockley–Hall–Read recombination 92,

96, 132, 195, 344

Silicide

Junctions 89, 91, 119, 190–194, 205,

208–210, 212–213, 217, 229–231,

234–236, 238–239, 241

abrupt junctions 210, 229, 231, 320, 324

low doped drains 229, 231

extension implants 233, 322–323,

326–327

halo implants 324, 325

Silicon-controlled rectifiers

generalized tetrode relationship

116–118

holding current relationship 80, 116,

132–133

regenerative feedback analysis 23, 110,

112, 114

Silicon Germanium (SiGe) 75, 77, 340, 350

Silicon Germanium structure 340

Silicon–Germanium Device Physics

340, 360

Silicon Germanium ESD measurements

347, 362

SiGe Collector–emitter measurement 362

SiGe Collector–emitter electrothermal

measurements 353

Silicon Germanium Emitter–base

measurements 343–344, 347,

353–359, 367

Silicon–Germanium–Carbon

(SiGeC) 336, 339, 360, 362, 375

ESD-induced degradation 266

Silicon Germanium Carbon ESD

measurements 347, 362

SiGeC Collector–emitter 362

396 INDEX



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 397 – [393–402/10] 6.8.2004 10:25AM

SiGeC Emitter–base 367

Silicon–Germanium Carbon

Physics 360

Silicon on Insulator (SOI)

electrothermal models 56, 271, 313, 316

electrothermal transmission line

models 316

electrothermal transmission line model

series solution 317

SOI ESD diodes

abrupt junction technology 319

aluminum technology 209, 217, 267,

271–273, 276–279, 281, 284, 290, 292,

300, 302, 305–306, 324–326, 341

body- and gate-coupled ESD

device 333–334

copper technology 267, 271–272, 274,

280–290, 297–301, 303, 305–306, 327

device scaling issues 249, 352

dual-body Dopant types 179, 194, 196,

320, 330

dynamic threshold SOI ESD device 311,

331, 333

extension implant technology 322

halo implants and ESD devices 145,

199, 229, 319, 375, 324–325, 384, 388

low-doped drain (LDD) junction

technology 229, 231–232

un-gated SOI diodes 331

dynamic threshold MOSFETs 188, 331,

336, 337

Smith–Littau model 37, 63, 65, 247, 271

Snapback 121, 125, 168–170, 189–190, 192,

206, 234, 249–250, 336, 347–348, 363

Stoney, Johnstone 3, 4

Strained silicon devices 380, 384

Sub-collectors

heavily doped sub-collectors 94, 96,

194–195

lightly doped sub-collectors 149, 170, 341

Substrates

absorption, reflection and

transmission 151

back-surface substrate lumped analytical

model 167

cylindrical cross-section substrate

model 139, 145, 149–150, 182

electrical and thermal discretization 152

electrical transfer resistance 157

elliptical cross section substrate

model 164

heavily doped substrates 168–169

lightly doped substrates 149, 170

lossy transmission line models 149, 316

semi-infinite domain 40–41, 139,

140, 313

stratified medium 47, 50, 142–145, 152,

311, 316, 318, 327

thermal transfer resistance 160–161

transfer matrix approach 139, 142, 336

transmission line model 139, 145, 149,

152, 316–317, 327, 359

variable cross section substrate

model 161–162, 164, 165

Symmer, Robert 3

Tasca model 56

Thales of Miletus 2, 4, 389

Thermal diffusion time 5, 10, 12–14, 34,

56, 59, 62, 66, 70–71, 109, 290, 348, 359

Thermal diffusion equation 37, 56, 60,

75, 191

Time constant approach 4–5

adiabatic time scale 7, 13, 34, 40, 55–56,

59, 140, 162, 348, 369

electrical time constants 13–14

electrostatic discharge (ESD) time

constants 4, 14

time constant hierarchy 10, 56,

59, 107

steady state 4, 12–13, 33, 59, 60, 66

thermal time constant 10, 15

thermal diffusion time scale 13

Time Domain Reflectometry (TDR) TLP

system 8

Time Domain Transmission (TDT) TLP

system 8, 9

Time Domain Reflectometry and

Transmission (TDRT) TLP system

8, 9

Toepler’s law 24

Townsend’s concept 24

Transmission Line Pulse (TLP) testing

7–9, 14, 55, 249, 266, 284, 292,

315, 347

Tribo-electric Series 2, 3, 7

Triple well 149, 152, 171, 173, 188–190

Troutman

Lossy transmission line model 145,

149, 316

transfer resistance model 125, 139,

157–161

397INDEX



//INTEGRAS/KCG/PAGINATION/WILEY/ESD/3B2/FINALS_23-07-04/INDEX.3D – 398 – [393–402/10] 6.8.2004 10:25AM

Vias 267, 278, 280, 285, 288

Vertically modulated well (VMW)

178, 179

Very fast transmission line pulse (VF-TLP)

model 9

Vlasov–Sinkevitch model 37, 66

Voldman

body- and gate-coupled SOI ESD device

333–335

constant ESD scaling theory 306

copper interconnect model 267, 271,

274, 280–282, 290, 297–298, 300, 303,

306, 316, 327

copper low-K interconnect model 267,

271–272, 290–296, 303, 306, 311

current gain-second breakdown

metric 351

deep trench guard ring efficiency

relationship 152, 221–222

dynamic threshold MOSFET (DTMOS)

SOI ESD device 188, 331, 337

ESD scaling theory 187, 306

polysilicon-bound diode ESD

device 240, 243–244, 320–322

power-to-failure/maximum power

dimensionless group 348

salicide 89, 205, 208, 210–212, 217, 225,

229, 234–236, 238–239, 241–246, 317,

319–320, 322, 325–326, 331, 334, 342,

344, 353–356

shallow trench isolation (STI) defined

diode ESD device 91, 92, 120, 162,

171, 191, 194, 198, 203–204, 208,

211–212, 224, 235, 242, 244, 313, 319,

334, 340–342, 359–360

well scaling 187–188, 199

Wells

diffused wells 171, 173, 177, 195

retrograde wells 96, 171, 173,

178–179, 182

scaling 187–188, 199

triple well and isolated MOSFETs 188

vertically modulated well 178–179

well ballast resistors 199

Wunsch–Bell model 37, 50, 52, 59–60, 75,

77, 79–81, 109, 199, 246, 271, 284, 292,

315, 337, 348–351, 359, 369

Zener model 100–101

398 INDEX


	Front-cover
	Front-matter
	Copyright
	Dedication
	Contents
	About the Author
	Preface
	Acknowledgements

	1 Electrostatics and Electrothermal Physics
	2 Electrothermal Methods and ESD Models
	3 Semiconductor Devices and ESD
	4 Substrates and ESD
	5 Wells, Sub-collectors and ESD
	6 Isolation Structures and ESD
	7 Drain Engineering, Salicides and ESD
	8 Dielectrics and ESD
	9 Interconnects and ESD
	10 Silicon On Insulator (SOI) and ESD
	11 Silicon–Germanium and ESD
	12 Nanostructures and ESD
	Index



